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PREFACE 


The development of protective devices has grown with the 
size of plant to be protected ; but, quite naturally, this develop- 
ment has always been subject to some degree of lag, due to 
the necessity of acquiring practical operating experience before 
the value of any protective system or device could be gauged 
correctly. Reliabihty of isolated generating stations and of 
simple local distribution systems is easily achieved by com- 
paratively simple means. The larger a system becomes, both 
in respect of its capacity and extent, the more intricate are the 
causes and phenomena of disturbances, the more grave their 
consequences, and the more difficult the determination of 
suitable remedies. 

An overwhelming amount of ingenious research work has 
been done by engineers of all countries in the attempt to make 
the supply of electric energy as rehable as is essential for a 
commodity that has become of fundamental importance in 
modern economics, and, indeed, to life itself. While this work 
was l>eing done, a simultaneous growth of plant and systems 
took place, so that often a new system of protection was 
obsolete by the time it began to be applied in practice. The 
history of this rapid development during the past decades 
can be described as a race between the design of plant and the 
development of means for its protection. 

It has been said above that the development of protective 
gear followed the growth of plant not without a certain time 
lag. Therefore, protective gear has never been fully adequate 
when and where power systems weie in a state of rapid growth. 
This can be observed at present in this country, where recent 
events have shown that a failure of supply over large areas 
is still far from a remote possibility. On the Continent, 
extensive h.t. networks came into operation much earlier; 
consequently it is only natural to expect that, as a result of 
actual operating experience, their protective systems have 
been improved, perfected and often simplified. There is a 
tendency in every country to disregard, to a certain extent, 
the experience gained abroad ; a tendency which is always 
regrettable and never more so than when millions of pounds 
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PREFACE 


are at stake. The very best device is hardly good enough 
for the protection of important electrical plant which, nowa- 
days, constitutes one of the main assets of national wealth. 
In this survey, therefore, an attempt has been made to explain 
and describe in great detail types of protective gear which 
have been mainly developed and produced abroad, and which 
are not yet as well known in this country, whereas conven- 
tional types have been referred to but briefly. Out of the 
great variety of protective gear, only such types are mentioned 
as have found wide application in actual practice. 

In order to present the subject in a clear manner, separate 
chapters have been devoted to the main components of 
electrical plant, and each protective system or apparatus is 
dealt with in relation to its most prominent field of applica- 
tion. In a concluding chapter, the co-ordination of the various 
existing protective systems is briefly discussed, and suggestions 
are put forward regarding the selection of protective gear for 
various kinds of electrical plant. 

The author wishes to make acknowledgment in general to the 
firms which have kindly furnished illustrations of their products ; 
specific indication of the source from which they were obtained 
is made under the illustrations themselves. 

P. F. STRITZL 

London 

1930 
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MODERN PROTECTION 
OF ELECTRIC PLANT 


CHAPTER I 

INTR0DUC3TI0N 

Sources of Disturbance. — The principal sources of distur})ance 
in electric supply systems are the' folio wing— 

A. Excess Currents 

1. Earth faults^ i.e, flash-overs or permanent contact 
between one phase and earth. 

2. Shori-circnits^ i.e. the breakdown of insulation between 
phases. 

3. Overloady due either to excessive use of energy, or to 
persistent light faults in a part of the system. 

4. Surges producing liigh currents. 

y The causes of earth faults are manifold : birds, lightning 
or induced excess voltage, fog, depositions of salt or dust on 
insulators, also trees, branches or hay, or the breakage of a 
conductor on overhead lines, and faulty insulation on under- 
ground cables. Earth faults may be of a permanent nature, 
e.g. a broken conductor toucliing earthed parts ; or they may 
be temporary, with or without an arc between conductor and 
earth. 

Short-circuits y^nay occur between two phases or between all 
three phases. VChe.. total short-circuit. ^current is supplied not 
only by all generators, but also by all motors in circuit. Dis- 
tinction must Be made between the momentary peak and the 
continuous short-circuit current. Fig. I shows a typical short- 
circuit cuireht oscillogram. The respective values of the 
maximum momentary peak current and of the continuous short- 
circuit current depend on the design of the machines and the 
location of the fault. For modern alternators, and faults at or 
near the alternator terminals, approximate values for the short- 
circuit current at normal excitation are given in Table I. Older 

1 
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types of machines may have momentary short-circuit currents 
up to 40 times the rated load current. The actual current in 
the event of a short-circuit distant from the power-station is 
determined by the impedance of the complete circuit. 

TABLE I 

Approximate Value of Shout-circuit Current (Terminal Faults) 
as a Multiple of the Rated Current 


Turbo I Salient 
Alternators Pole Machines 


Momentary peak 

(incliKling d.c. component) 
Continuous short-circuit current -^ - 
Single-phase short . 

Two -phase short . 
Three-phase short . 


15-18 times 


2 times 

3 „ 

r> „ 


10-15 times 


2*5 times 

^.75 

0-25 


In a three-phase system, the value of the short-circuit current 
is not the same for a short-circuit between two {)liases (see Fig. 
87) as for one involving all three phases (Fig. 88). If denotes 
the impedance of one conductor and Vf the faulty line voltage, 
the two -phase fault current is 

( 1 ), 



Fig. 1. Typicaj^ Oscillogram of Short-circuit Current 


whereas in the event of a fault on all three phases the currents in 
the three conductors are 120'' apart. The current in each con- 
ductor is, therefore, 

//«= F,/Z,v/:5 (2). 

Assuming equal values of Vf in both cases, it appears that the 
two-phase short-circuit current is 13*3 per cent less than the 
current in case of a three-phase fault. 

Special consideration is required in case of short-circuits 
comprising two phases and earth. The simultaneous earthing 
of two phases leads to a “two-phase short tlirough earth'’ if the 
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two faults are close together, or to a ‘'two -phase earth” if they 
are some distance apart. 

High 5iirgr^currents occur mainly in consequence of switching 
operations .v/riie starting current of induction motors, or trans- 
formers with open-circuited secondary winding, may be a 
multiple of their rated full-load current. Where the rise is so 
large as to upset stability, means must be provided for the 
reduction of the surge current. In the past the incorporation of 



a resistance step in the appropriate circmit-breaker wa s a 
common practice; in medern plant auxiliary biasing or time 
'eTements are incorporated in the protective relays in order to 
prevent their action under transient surge conditions. 

B. Exci^ss Voltage 

1. External, due to lightning or atmospherically induced 
(diarges. 

2. Internal, due to switching operations or flash-overs. 

Excess voltages may also be classified as static charges, and 
travelling waves or surges. 

The most dangerous excess voltages are those caused by 
lightning. In order to obtain an insight into the nature of 
lightning, and more particularly in order to measure the current 
disSFTarged to earth through a flash of lightning, systematic 
research work has been carried out in U.S.A. and Germany,* 
the results of which are reproduced in Fig. 2. The highest 
current ever observed was about 100 000 A. 


See Bibliography, Nos. 69 and 61. 
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If^lightning strikes the earthed system, i.e. steel towers or 
jeyth wires, their potential may rise to a dangerous point, 
and cause a '^backward’’ flash-over torn a tower to a Con- 
ductor, unless the towers are so well earthed that the charge 
can be led oS to earth with a time, lag smaller than the time 
lag of a flash-oyer^ 

Surges caused by lightning have a steep front of slope of, say, 
300 kV per microsecond, and a peak value up to the surge flash - 
over value of insulation, which is usually about ten times the 



0 10 20 X /fO 

f1icros0cond5 

Fig. 3. Typical Schgk Cai.skd by Lightning 


r.m.s. voltage of the system for lines carried on steel towers, and 
in the order of 500 kV for Unes on wooden poles. Higher peak 
voltages lead to an immediate discharge to earth. This dis- 
charge takes place at a weak spot of the line, i.e. normally at 
one or several insulators. 

A typical lightning surge is illustrated in Fig. 3. At open 
feeder ends the peak voltage is doubled by reflection. A lesser 
increase takes place wherever a surge is prevented from free 
travel by an impedance in series with the line. 

C. HABMjjtMCg. Where harmonics And an oscillating circuit, 
they'^are liable to cause damage by overheating. Higher har- 
monics, in spite of being suppressed as far as possible by careful 
design of machines and transformers, make themselves felt in 
practical operation under certain conditions, e.g. during light 
load periods when few transformers (now acting as frequency 
changers) are feeding into long transmission lines*. High 
frequency oscillations caused by arcing are another source of 
trouble. 


♦ See E,T.Z,, 1933. p. 747. 
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D. Epweb Os ciLLATtQIi3. Stability problems are of primary 
importance in networks fed from more than one generating 
station. In such systems every heavy fault threatens to upset 
stability, and it is, therefore, necessary to study the performance 
of protective systems from the point of view of maintaining 
stable parallel operation. 

Gfeneral Remarks. It was recognized at an early date that it 
is not possible to deal separately with each of these evils, as 
they frequently interact on each other. For this reason it is 
not convenient to discuss separately, and indicate a remedy 
for each individual trouble. An attempt is made below to give 
a brief outline of the present state of development of protective 
means, considering all parts of electric plant, from the power 
station through e.h.t. and h.t. transmission and l.t. distribution, 
to the consumer, with special reference to those devices and 
systems which are not yet in general use in this country. 

Xb.© ultimate aim of protection is twofold. In the first place 
the plant ifself, and in particular its most valuable and vulner- 
able components, must be freed from danger from any of the 
sources enumerated above. Secondly, the continuity of supply 
to the consumer must be mahitame(i,.>Ihe-first xequheni^t is„ 
^ a rule, met by isolating as quickly as possible the section 
affected by the fault from the remainder of the system; in 
order to comply with the second condition, such interruptions 
should be limited both locally and in respect of timq, and 
should occur only if a fault is of a dangerous nature. Modern 
protective gear must therefore be capable of discriminating 
whether and when a fault becomes dangerous. 

Protective gear also comprises such devices as render certain 
faults harmless or even eliminate them altogether, before any 
other protective apparatus comes into operation.. By tackling 
the problem from this angle, i.e. by subduing a fault at its 
source, the operation of a system is freed from the confusion 
and unsteadiness which frequent operation of the automatic 
protective equipment naturally entails. Here again it is not 
possible to discuss separately preventive and protective gear, 
as it will be noticed that both are sometimes closely related or 
even identical. 

AfiL&r as proactive features form part of, the lay-out and 
design of the mac]^ery~6r apparatus tolbe protected, they fall 
oulSde fhe^cope of this survey, which is thus limitedJtdC^ — 

(a) ^evioes reacting to certain fault conditions ; and 
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(d) those actually performing thejsolation of a dangerous 
feult, when called upon to do so by the former. In some 
cases (fuses, Petersen coils, excess voltage ar^gster^) bot h tlie 
controlling and the operative device are one and the s aru jg. 

Ellements of Protective Gear. Before broaching the subject 
itself, a few words may be said about the main elements at the 

disposal of the engineer when 
planning a protective scheme. 

Most of the elements employed 
in protective gear are familiar. 
Solenoids, contacts, resistances, 
arc gaps, small motors (including 
the Ferraris type), mechanical 
and electric time lag devices, 
instrument transformers, chok- 
ing coils, thermometers and floats..^ 
are,perhax3S, the most important. 

J^^^iSTAXCEs. Some words 
should here be said about resist- 
ances. Apart from those with 
constant olnnic value there are 
others of varying characteristics, 
which find useful application in 
connection with protective gear. 
Most metals liave practically a 
constant resistance, varying only 
slightly with the temperature, in 
accordance with the equation 

Fia. 4. Uranium Dioxidu R^ ~ Rq (1 -j- cct) , (3) 

Kesistanuk m t 

(A . where Rq is the resistance at a 

certain standard temperature, 
R^ the resistance at r degrees, and a the temperature coefficient 
of resistance, which is, as a rule, positive. Certain materials, 
e.g. red hot iron wire, have such a high positive coefficient 
that their resistance increases jiractically in proportion with the 
voltage, thus keeping the current constant. In order to prevent 
oxidization, they are normally installed in glass bulbs filled with 
hydrogen. 

On the other hand, materials are also known having a 
negative coefficient ; their resistance decreases with increasing 
temperature. Fig. 4 shows an uranium dipsid^resistance in a 
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nitrogen-filled tube; this type of resistance will stand con- 
tinuous heating, up to several hundred degrees centigrade, 
when its resistance is approximately one-fiftieth of that in the 
cold condition. 

Other resistances having a negative temperature coefficient 
are those composed of carbon powder, or liquid resistances 
filled with a zinc chloride solution. 

Further, there are materials made of a ceramic base and by 
similar processes, such as ‘"S.A.W.” and '‘Thyrite,” with 
characteristics depending not on temperature, but on the 
voltage across the resistance terminals. The current through 
these increases much more rapidly than the terminal voltage 
imposed, according to the equation 

/ = F'VA" V . . . . (4) 

or 

(4a) 

where n varies between 3 and 5 with the types of material 
actually employed in modern practice. 

Current and Potential Transformers. Elements of con- 
siderable importance with almost every kind of protective 
system are tlie current transformers, which must combine 
adequate thermal and dynamical properties with a sufficient 
degree of accuracy in operation under fault conditions. It is 
not always sufficiently realized that the best system of protec- 
tion is useless unless correct secondary currents are supplied 
to the relays, particularly in the event of heavy faults. The 
warning contained in B.8.S. No. 81 — 1927 regarding the selec- 
tion of suitable current transformers is comparatively brief; 
but in foreign standard specifications determining factors have 
been established which, if systematically a])phed, will be found 
very useful wlien planning protective equipment. Short defini- 
tions of the terms recommended for practical use are given 
below. 

Rated Burden, The impedance of the external secondary circuit 
which may be connected without exceeding the error limits speci- 
fied in the class for which the current transformer is designed. 

Continuous Overload Capeu^ity. The multiple of the rated pri- 
mary current which a transformer is able to carry without 
exceeding the permissible temperature rise. It is sound practice 
to design all current transformers for a considerable continuous 
overload. 
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Dynamic Current Limit. The maximum first peak current which 
the transformer with short-circuited secondary can carry without 
sufiFering mechanical damage. 

Thermal Current Limit. The primary current permissible for 
one second, without undue heating. 

The secondary windings are, as a rule, not in danger, as the 
current in them cannot exceed 30 to 50 times the rated current, 
due to saturation of the core. Primary windings, in particular 
those for currents below 200 A, offer some difficulties in respect 
of the dynamic and thermal current limit. Therefore, bar-type 
primaries are preferable, but their output is limited. Fig. 5 shows 

an up-to-date current transformer 
having a high dynamic current limit. 
No oil or compound is used in this 
design. 

It must further be realized that all 
existing Standard Specifications for 
measuring transformers have been 
drawn up mainly with a view to 
the connection of measuring instru- 
ments, whereas the requirements for 
the connection of protective relays 
are often entirely different. Thus 
standard current transformers are 
designed with a view to the specified 
performance at values below the 
rated current; for the purpose of 
over-current protection, the perform- 
ance at very high over- currents is the 
more important considijration. At these high currents, standard 
current transformers have a ratio error rapidly increasing when 
saturation is reached in the core, i.e. above 10 or 15 times the 
rated current. In order to gauge the performance of current trans- 
formers for protective purposes, the Excess Current Factor will bo 
found a most useful term, i.e. the multiple of the rated current at 
which the ratio error amounts to a certain percentage. (The Ger- 
man regulations specify 10 per cent when connected to the rated 
burden irrespective of the power factor.) A high excess current 
factor and a low ratio „ error are esseintial for all current trans- 
formers used in connection with excess current relays, distance 
relays, and certain types of differential relays. For use with 
eaxm^ leakage relays, (iUrectional relays and reactance relays, a 
\qw phase error is also an important requirement. 

Fig. 6 shows how the excess current figure can be increased by 
reducing the burden (i.e. the impedance of the secondary external 
circuit). For the purpose of designing a measuring transformer 



Fig. 5. Modern Current 
Transformer with High 
Dynajwic Current Limit 

(A.E.a.) 
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the actual burden occurring under actual operating conditions 
should be taken into account, and not (as is often done) the 



Fig. 6. Inflitence of Varying Burden on Current 
Transformer Ratio 

/„! - Rated primary current /„2 - Rated secondary current 

burden at the rated secondary current. Fig. 7 illustrates the 
alteration of the phase error with varying currents. As a rule, 
phase errors within satisfactory limits are obtained up to 20 or 



(SES) 7^ multiplied by 

Fig. 7. Variation of Phase Error 
/„ - Rated secondary current 

30 times the rated current, with current transformers of 500 or 
more ampere-turns. Lower ampere-tums should, therefore, not 
be employed for use with directional relays. Reactance relays are 

a~(T.a4) 
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only used in systems with the highest voltages where, as a rule, 
the short-circuit current does not exceed 10 times the rated cur- 
rent; so that current transformers of lower ampere-turns may 
be used in this case. 

The requirement to use current transformers with not less than 
500 ampere-turns is not an easy one to fulfil, in particular where 
the primary current is low and a high dynamic current limit is 
wanted. A means of obtaining equal results with half the num- 
ber of ampere-turns is therefore highly welcome, and much applied 
in modern practice. It consists in the application of a negative 
magnetic bias,* and is suitable for any type of current transformer. 

For reasons of economy it is often desired to connect instru- 
ments and meters to the same current transformers as the 

relays. In this case the burden 
on the current transformer may 
become excessive while a relay 
operates; therefore, a short-cir 
cuiting relay (Fig. 8) is used for 
bridging over the current ])ath of 
instruments and meters during the 
short periods of relay operation. 

If two separate cores are used 
for the connection of instruments 
and relays, the relay core must 
have the high excess current 
figure required for its purpose. If 
necessary the two cores can be 
made of different materials and 
size. 

When determining the necessary excess current factor for a 
current transformer, it is advisable to check the excess current 
factor of the relays to be connected. Obviously, there would 
be no object in installing a current transformer with an excess 
current factor of 20 or 30, if the respective relays were to reach 
their saturation at ten times the rated current. 

fiwitchgey installations fitted with oilless circuit-breakers, 
it is, oi course, Elgldy desirable to keep oil or c'ompbuhd out of 
thgjv^^hple inat^JfiationT^ therefore oilless current and poten- 
tial transformers have been developed up to high voltages- It 
is an additional advantage that these oilless current and 
potential transformers may be mounted in any desired position. 

* See Bibliography, No, 16, p. 100. 



Fig. 8. Shout-cuicuitino 
Relay 
(A.E.a.) 
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The star point of three-limb potential tr^^nsformers must not 
be ’eaffhed, since magnetic. interlinkage of the three legs 
lead to overheating in the event of unbalance. Where an 
earthed st^ point is required, either three single-phase trans- 
formers, or a three-phase five-limb potential transformer or 
equivalent "type must be employed. These are also suitable for 
obtaining, from windings on the fourth and fifth limbs, the 
neutral potential (see Fig. 9). 

_Fuses_inay be used as a protection on the primary side of 
potential transformers, but it should be noted that such fuses, 



Fk;. 9. CoxNKCTTONs OF Five-limb Potential Transformer with 

WiNDINCS ON THE Foi RTH AND FiFTH LeOS 
V — I.iiK* Voltajio 
= VoltajiP to Eartli 
r y - Neutral V’oltage 

in order to exclude the danger of inadvertent fusing due to 
Oxidiz^ation of the wire, sliould not be rated for less than (1-5 A. 
^uch fuses, with voltages exceeding 33 kV, are merely protecting 
the...bJUs-bar^^fr.Qm a short-circuit inside the potential trans^ 
former, but are not an adequate protection for the transformer 
itself. Above 33 kV, a contact thermometer or Buchholz relay* 
is recommended for protecting potential transformers. On the 
secondary side, normal l.t. miniature circuit-breakers or fuses 
offer adequate protection. 

♦ Soe Chapter IV. 
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The burden imposed on current and potential transformers 
by various types of protective relays is scheduled in Table II. 
\^en assessing the burden, the impedance of connecting leads 
must, of course, be added to that of the relays. 


TABLE II 

Energy Consitmption of Relays 



Burden on Instrument Transformers 
(per Phase) 


Type 

Voltage Path | 

Current Path | 


Nominal 
VA at 
110 V. 

Ohms 

Nominal 
VA at 

5 A. 

Ohms 

Time 

Element, 

Watts 

Tripping solenoid .... 



7-5-75 

0-3-3 

i 

Excess current relay witli definite 
time lag .... . 


_ 

0-5-25 

0-02-1 

25-40 

Excess current relay with inverse 
time lag 

_ 



0-5-15 

002-0-6 



Excess current relay with multiple 
definite time lag . 


_ 

5-7-5 

0-2-0-3 

15-20 

Intermediate relay .... 

0-2-20 

60 000-600 

— 

— , 

— 

Time relay . . . . . ] 

— 

— 

— 

— 

10-150 

DifTerential current relay . 

— 

— 

0-3-1 

0-012-0-04 

— 

Differential wattmeder relay 

5-10 

2400-1200 

2-5 

0-08-0-2 

— 

Distance relay, continuous 

0-30 

0O-400 

0-3-20 

0-012-d)-8 

— 

Distance relay, when operating 

25-300 

500-40 

10-50 

0-4-2 

— 

Directional relay .... 

5-10 

2400-1200 

0-3-10 

0-012-0-4 

— 

Under- voltage relay. 

10 15 

1200-800 

— 

— 

— 

Earth relay with voltage coil . 

0-8-5 

1500-2400 

— 

— 

— 

Earth relay with current coil . 

— 

— 

0-2-1 

0-008-0-04 1 

— 

Earth relay, wattmeter type 

4-18 

3000-670 

0-3-6 

0-012-0-24 



Classification of Protective Systems. In order to avoid con- 
fusion which may possibly arise out of the sometimes misleading 
denomination of protective systems, it seems advisable to 
introduce a uniform classification. Therefore, in Table III, the 
most important schemes are tabulated under four main head- 
ings. The first group, I^^ct, Devices, comprises all 

thps^„wiiiQ8e, action depends upon one element only, such as 
the current in one conductor (including split conductors), or 
t^ie voltage between two phases or between one phase or 
n^tral and earth, or the level of liquid in a tank. 

i*he second group, .Core Balancing Systems, comprises all 
protective schemes in which the factor determining their opera- 
tion is - the electric or magnetic unbalance caused by a fault 
bejtF^n any . number of phases at one end of a circuit. The 
unbalance may occur between two or more currents, voltage^ 
or other values balancing each other in normal operation. 

A third group. Differential Protection, includes all schemes 
making use of a comparison between the conditions prevailing 
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at the two ends of the protected plant section. Pilot wires, or 
equivalent channels of transmission, are an inherent feature 
with any system under this group. 

T ^e fo urth group comprises schemes in which the direction 
o£^ power How is the main, or only, discriminating factor for 
operat ion. 

iSSays. Still greater than the variety of protective systems 
themselves, is the number of 'relay designs available. ^Jh e 
r elays p erhaps in most common use are of the instantaneous- 
acting, attracted armature type, two of which may be com- 
Bmed on a mutual beam for measuring the quotient of two 
values (balanced beam relays). Attracted armature relays are 
applied to simple earth leakage, split-conductor and differential 
protective systems, and for modern high-speed excess current 
~ and distance protection. Electro-magnetic relays with revolv- 
ii^ armature are finding successful application in modern 
differential protection, particularly if fitted with biasing 
restraint. The induction type has been much in fashion for 
"afi kinds of applications ; its low torque and inaccuracy — which 
Incidentally increases with time — make it less suitable in con- 
nection with modern high-speed systems. For this purpose the 
dynamometer type is •better suited. Wattmeter type relays 
are applied where directional features are required, e.g. for 
sensitive earth-fault indication. Where an accurate setting of 
time lag is desired, mechanical means of delay are used in 
preference to eddy current brakes or bimetal elements. With 
regard to valve relays,* no practical results are yet available. 

- Tripping and Reclosing of Circuit Breakers. JThe action ~of 
any protective relay culminates in the operation of a tripping 
cbntactr Tlils Tripping contact may either close an auxiliary, 
die.' clfcuit7 break a shunt circuit energized by current trans- 
forme^Inr in any other way bring about the energizing of the 
tricing coil on the circuit-breaker. 

TSJF^ngements which incorporate tripping coils connected to 
secondary wincUng of a power or potentialjbransformer are 
not advisable, since they tend to fail when a heavy fault causes 
aTheavy voltage drop. - 

A separate chapter will be devoted to the circuit-breaker 
itself. A device whose utilization is recently being advocated 
is the automatic reclosing mechanism or relay. Without doubt 
its application is apt to limit the duration of interruptions. 

* See Bibliography, No. 7. 
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It has been contended, and proved by the practical experience 
of several American power companies, that it is indeed possible 
to m^e the time from the beginning of the fault to the first 
reclosing^ operation as low as the inherent operating time of 
relays and circuit-breakers,* This time is so short that lighting 
andlieating load can be said to remain unaffected if the reclosing 
isL AiiofiftRsfiil If the breaker is reclosed promptly, induction 
motors and even synchronous motors or rotary converters are 
^ven a chance to pull in without coming to a standstill. Motors*^ 
of any type, however, provide a certain amount of current, 
feeding and maintaining an arc across the fault through a 
substantial number of cycles. If now the short-circuit arc is 
still alive when reclosing occurs, the circuit- breaker will immedi- 
ately interrupt a second time. As a rule, circuit -breakers are not 
designed or tested for the heavy duty cycle of breaking, making 
and again breaking a short-circuit within less than one second. 
The fact that no accident has so far occurred in any of the 
experimental installations cannot be considered sufficient proof 
of reliability. It would, of course, be possible to make the 
application safe with the aid of a revised duty cycle for circuit- 
breaker tests, if immediate reclosing schemes were to find wide 
application. This does not seem likely, since the scheme necessi- 
tates the modification or replacement of existing relays and 
switchgear, and the introduction of various complications 
such as delayed action of under-voltage devices, field-removal 
relays, unloading devices, etc., in consumers’ installations, if 
the benefit of the new scheme is not to remain limited to users 
of lighting and heating current. 

T^e ‘‘initial,” i.e. undelayed automatic reclosing of circuit- 
breakers is undoubtedly an attractive proposition, sirme between 
7TI and 90 per cent of all faults causing heavy exQSftS^current caix 
be cleared without a noticeable interruption, of the affected 
section. The scheme would arouse more interest \vQre it not 
the fact that better and cheaper means ojf protecting 
consumers against interruptions of supply are available. These 
will be dealt with in subsequent chapters. 

Automatic reclosing is quite frequently adopted wi th a t ime 
lag of between 3 and 15 seconds before the first-ijttempt to 
reclose.f A distinction is made between attended and un- 
attended stations. Whereas breakers in attended plant are as 

* Soe Bibliography, Nos. 80 and 81. 

t See Bibliography, No. 79. 
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a rule only provided for a single automatic reclosing operation, 
those in unattended stations are made suitable for up to five 
automatic attempts, following one another at predetermined 
intervals. 

The tendency to limit the duration of interruptions has also 
been responsible for the development of fully automatic 
quick-synchronizing equipments. 



CHAPTER II 

H.T. CIRCUIT-BREAKERS 

Recent Trend of Design. The majority of all protective systems 
rely on the circuit-breaker for the ultimate isolation of a fault. 
This apparatus has not only to sustain the fault current, but 
also to break it within a certain ^iine. The safety of valuable 
machines and transformers, and also the continuity of supply 
in the unaffected portion of the plant, depend upon the timely 
and reliable operation of circuit-breakers. The conventional 
fhough recently improved, oil-immersed breaker, cannot be 
look^ upon as a satisfactory apparatus, as it is liable to explode 
or cause fire in case of overstrain, thus becoming itself an addi- 
tional source of danger to the valuable machinery which it 
ought to protect. For this reason, Continental manufacturers 
have developed oilless circuit-breakers, several thousands of 
which are now in successful operation, and have, in most new 
or modernized installations, superseded the. oil-type breaker 
which is still prominent in this country. k ^ 

" In contradistinction to electric machines, transformers and 
most other apparatus, the design of circuit-breakers has been 
until recently more a matter of experience than the result of 
theoretical investigation. The phenomena accompanying the 
interruption of an arc offered considerable difficulties to 
scientific research, and for many years there was no other means 
of testing the suitability of a breaker design than by the fact 
that it did not fail in service. 

A first attempt to obtain insight into the matter was the 
establishment of a short-circuit testing equipment by the 
A.E.G. at their Berlin Works in 1912, followed by other similar 
plants. But even the results of full-size short-circuit tests, and 
their relation to breaker performance in practice, have remained 
subjects of controversy up to this day, as may be gathered 
from the wide differences in National Standard Specifications 
and from numerous publications on the subject. 

In spite of these obvious differences, general agreement 
obtained as to the choice of oil as an insulating medium, and 
towards the year 1926 it would seem that the explosion pot 
had become the recognized means for interrupting high-power 

18 
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arcs. Indeed, by about that-^time, sufficient experience had 
been acquired by leading manufacturers to enable them, 
despite incomplete theoretical knowledge, to construct circuit- 
breakers which were satisfactory from every point of view but 
one. This one^drawback, inherent in the oil circuit-breaker, was 
the great amount of inflammable oil contained in the tank, 
which constituted a permanent source of danger. 

The leading manufacturers in the U.S.A. concentrated their 
efforts on further improvements in the design of the approved 
oil circuit-breakers, with the aim of reducing their sizes. This 
wa^”successfully accomplished in the oil-blast or impulse 
breaker (G.E.Co.) and the dcion-grid type (Westinghouse). 

‘ iT^ermany, engineers endeavoured to get at the very root 
ofjblie cvH by eliminating oil altogether, and in 1926 the A.E.G. 
began to develop the water breaker and a little later the air- 
bl^FIBreakbr. Siemens-Schuckert followed with their design 
of a breaker known under the trade name of ‘‘expansion 
breaker.*’ This type uses water as a medium for voltages up 
to 30 kV ; fur liiglier voltages oil is normally employed. 

British firms concentrated their efforts on the improvement 
of the design of ironclad swit(‘ligear, but on the whole stood 
aside in the attempts at new breaker types. This may be 
accounted for by the fact that until quite recently there were 
few extensive networks in Great Britain, and the majority of 
accidents in this country bad not been due to oil fires or ex- 
plosions, but to the touching of live parts. 

The results of American development have been taken over, 
to a large extent, by British switchgear manufacturers. In 
fact, oil breakers with arc-control devices lend themselves very 
well to incorporation in ironclad gear and are now widely 
applied. 

With the advent of the British Grid the required rupturing 
edacity of switchgear in this country has grown rapidly. 
^B^h open-type and "ironclad installations are now available 
up^tllttie TnghepTVoItageS or rtiptumig- capacities. Fig. 10 
shows a typical modern ironclad unit with circuit breaker rated 
at 750 000 kVA (B.S.S.) at 33 kV. Whilst the introduction of 
arc-control d evices ha^ reduced th e am ount of oil in the breaker 
tanks, considerable quantities of oil are conttimed in the bus-bar 
clu mbers riso lato^ chambers , measurings transformer tanks and 
other parts of larggL ironclad installations ,_Ihe total inass^gf 
piTm some of the latest British power station switchgear plants 
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amounts to hundreds of tons, and the question arises whether 
tKei-e is not a heavy risk of fifelnvolved in this practice. c 

The principal objection put forward in tfiis country to the' 
adoption of oiljess circuit -breakers, such asTiave heen deyeloped 
mainly in Germany, seems to have been due to a belief that 

they are unsuitable for in- 
corporation in ironclad gear ; 
while ironclad gear itself is 
favoured on account of its 
small space requhements 
in comparison with open 
gear. As a result of re- 
cent developments, however, 
open installations with oilless 
circuit-breakers have been 
constructed which are smaller 
in overall dimensions than 
irOTTclad oil-immersed ap- 
paratus of the same capacity* 
Oilless breakers can be 
readily incorporated in iron- 
% clad gear in those cases 

^ * where great importance is 

attached to the complete 
foolproof enclosure of all live 
parts. Fig. 11 shows the 
general layout of such a unit. 

Theory of Arc Extinction. 
IJecent research has esta- 
blished beyond doubt that the controlled extinction of an arc 
requires the building up of a deionized medium between the^ 
separated contacts at a speed superior to that of tEe rising 
recovery voltage; COUpTed with effective cooling of the arc spaqe. 
When the are current passes zero value^the arc is, of course, 
interrupted. If the dielectric strength of the medium filling the 
arc space is sufficiently high, the arc cannot restrike axi3”{he 
circuit has been cleared. If, on the other hand# the dielectric 
strength is not yet sufficient, another half-cycle of the current 
will flow through the arc. 

This same fundamental theory has been found to apply to 
any^type of circuit-breaker. In a plain break oil-breaker, 
without any control device, ionized oil particles fill the maiiir 



Fig, 10 . Typical Ironclad Circuit- 
Breaker, 33 kV 
(Feryusun Pailin Ltd.) 


Fro. 11 . Sketch Illustrating the Embodiment of an 
Air-blast Breaker in an Ironclad Unit 

A Air exhaust I) Operating buttons 

B Motor driven air-compressor E Air valves 

C Circuit-breaker F Air tank 
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part of the gap between the two contacts and it will require 
a considerable number of half-cycles before the arc is broken. 
In an oil-blast or cross-jet breaker, fresh oil is moved into the 
arc space, and interruption will occur after a shorter time.^ In 
an oil circuit -breaker fitted with explosion pots a mixture of 
oil and oil gases is projected on to the moving contacts at high 
speed, and if the explosion pots are well-designed the result 
maylbe as good as that of an oil-blast device. . The action of a 
'water circuit-breaker is identical with that of an explosion pot, 
except that steam takes the place of the oil and gas mixture. 
In the deion-grid type of breaker the oil vapour is cooled down 
owing to its proximity to the walls of the slot, and fresh oil 
drawn from pockets in the slot is interposed. The combined 
action causes the arcing space to be deionized. 

All the above and similar designs* — ^with the exception only 
of the oil-blast breaker with a mechanical impulse — have the 
common feature that their action is dependent upon the value 
of the current interrupted, because the speed of the deionized 
medium is directly or indirectly a function of the mechanical 
pressure set up in the arc space. Hence, all such breakers are 
liable to interrupt the arc more quickly at high than at low 
currents, and it is not uncommon for breakers which have 
passed tests at their rated rupturing capacity to fail when 
interrupting comparatively light currents. 

As distinct from the above, an oihblast circuit-breaker with 
a mechanical impulse (e.g. by means of a mechanically-operated 
piston) shows an equally good performance at any rate of cur- 
rent up to the rated maximum. The same applies to the air- 
blast breaker, which draws its deionized medium from an air 
tank at constant air pressure. In this type of breaker it 
is possible, therefore, to control the arc in such a way that 
interruption definitely occurs at the end of the first half-cycle 
of current, for any load between zero and the rated maximum. 

Of course, the design of circuit-breakers clearing a circuit in 
^ short a time as one to a few hundredths of a second, must 
aJ_scLen8ure that no undue switching surges are set up. There- 
fore, the current must not be interrupted before it actually 
passes through zero^j.e. the contact speed must not "be made 
excessive. The performance when interrupting a light inductive 
load is an important criterion for the correct design of a 
]5Fea ker. _ 

* For definitions, soo Bibliography, No. 13. 
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Oilless Circuit-breakers. In the air-blast breaker the com- 


pressed air fulfils two functions, viz. it lifts the piston carrying 
the moving contact (c and b in Fig. 12) and also blows across 



\ 


Fig. 12. Principle of 
Air-blast Circuit- 
breaker 

a Nozzle contact 
b Movinji contact 
c PIungiT 
d Cylinder 
e Hollow iiKsiilator 
/ 'J'rip valve 
ij Air tank 
h Closing valve 
} Closing coil 
k Silencer 

(“ The Power Ewjineer") 


the contact surfaces. Both these actions only take place during 
the short time the breaker is operating. As may be seen from 
Fig. 13, there is no mechanical operating mechanism except 



Fig. 13. Test Oscillogram of Air-blast Circuit-breaker 
(‘'The Power Engineer") 


the two air valves / and h for breaking and closing respectively, 
which are both operated by means of small solenoids or by hand. 

The quenching of the arc in an air-blast breaker is best 
illustrated by means of actual diagrams. Fig. 13 shows an 




The Power Engineer' 
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oscillogram taken of a breaker rated for 10 kV, 600 A, when 
interrupting 510 000 kVA. In this diagram it is clearly to be 
seen that the arc was broken within less than half-a-cycle after 
separation of the contacts. Still more insight is obtained from 
the high-speed photo reproduced in Fig. 14. In this case 5000 
exposures were taken per second, so that the figure shown 
covers less than half-a-cycle. The arc starts as a spot of light, 
and by the action of the air blast it is immediately driven 



Fkj. I”), 'rftio Fin^at. Fkvsks Befoke iNrEURUPnoN 
{A.E.C ) 

upwards and extended to a considerable length into the 
exhaust. After reaching its maximum the current (represented 
by the thickness of the arc) declines, until in the last picture 
shown the current passes through zero and the arc is finally 
interrupted. The final phases of interruption are again shown in 
another similar photograph reproduced in Fig. 15, which is from 
a softer print, and the fourth and fifth pictures show distinctly 
how the body of the interrupted arc is lifted off the pin contact 
and driven outwards by the action of the air bhxst, the space 
above the movable contact being filled with fresh air (appearing 
dark) so that re-striking is made impossible. As to the suita- 
bility of various media for the purpose of arc interruption. 
Table IV shows the result of tests carried out on the contacts 
of an air-blast breaker with various gases. It appears that 
the obtained rupturing capacities vary closely in accordance 
with the average heat conductivity of the media concerned, 

3-(T.24) 
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between temperatures of 0 and 6000° C. abs.* Only in the case 
of hydrogen is the rupturing capacity markedly lower than 
would be expected from the high heat conductivity of this gas ; 
this is due to the low dielectric strength of hydrogen. From 
the practical point of view, the fact that an arc between metallic 
electrodes always carries a certain amount of metal vapour 
must be duly taken into account.* 


TABLE IV 


Arc -quenching Medium 

Average Heat 
Conductivity 
between 

Measured 

Rupturing 


0-60000 C. Abs. 
referred to Air 

Capacity 
referred to Air 

Air ....... 

1 

1 

Nitrogen ...... 

0-8 

1 

Oxygen ...... 

1-8 

1-8 

Carbonic acid ..... 

2-5 

2-6 

Steam ...... 

5 

.T8 

Hydrogen ..... 

17 

7-5 


From Table IV it follows that steam has a superior quenching 
effect to air. This may explain the fact that much endeavour 
has been made to develop the water breaker in preference to 
the air-blast breaker. The theoretical advantage of the higher 
rupturing capacity of steam is, however, more than offset by 
the fact that in a well-designed air-blast breaker interruption 
invariably takes place after the first half-cycle of current, thus 
minimizing the energy dissipated in the arc and shortening the 
total inherent operating time of the circuit-breaker. Further, 
as yet no water circuit-breaker has been built for a voltage 
exceeding 30 kV. Another difficulty has been found in insu- 
lating the inside of the arcing chamber, which is necessary in 
view of the low resistance of water. Again, the water breaker 
requires a very high closing speed in order to avoid evaporation 
when closing. Hence a water breaker cannot be closed directly 
by hand, and operating devices of a special nature are necessary. 
Moreover, in spite of some of the water evaporated being 
recovered by condensation, the quantity of liquid contained is 
only sufficient for a v-ery limited number of operations. Unless, 
therefore, recourse is had to the expedient of refilling the 

* See Bibliography, No. 10. 
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breakers while alive, a water or expansion-type breaker must 
be taken out of service from time to time, and in particular 
immediately after the interruption of short-circuits, for refilling 
purposes. 

The only reasoned objection to the air-blast breaker has 
been its inherent dependence upon a compressed-air supply 
and the alleged complication of the compressed-air plant. The 
absence of such plant was initially claimed as an advantage of 



Fig. 16. Air-blast Circuit- breakers 
10-30 kV, 100-400 MVA 
(A.EXf.) 


the water circuit -breaker. In practice, however, it turned out 
that most of the large “Expansion” circuit-breakers built had 
to be fitted with pneumatic operating gear, wliich leads to the 
conclusion that the same air-compressing plant may advan- 
tageously be used not only for operating the breaker mechanism 
but also for quenching the arc. Careful provision must, of 
course, be made to ensure an uninterrupted supply of com- 
pressed air. This can easily be accomplished by means of spare 
compressor sets, spare air tanks, and suitable piping arrange- 
ments. Indeed, an automatic air compressor plant, with an 
alarm signal indicating a drop of pressure by, say, 5 per cent, 
is preferable from an operator’s point of view to oil-breaker 
tanks, which, in spite of all care, may leak and eventually be 
half full when called upon to clear a heavy fault. Such incidents 
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occur quite frequently. Incidentally, it may be mentioned that 
the operation and maintenance of a compressed-air plant with 
pipes is at least as easy as that of any other known operating 
mechanism. The experience gained on many hundred air-blast 
circuit-breakers has confirmed this view. 

Thus on both theoretical and practical grounds it seems fair 
to suggest that the air-blast principle affords the most satis- 
factory means yet devised for breaking high-tension circuits. 



17 . AiR-HLAST (’IKCIJIT-HRRAKKR W i Til 
Tank and Compjies.sor 

Typical Modern Circuit-breakers, For voltages up to 33 kV 

and currents up to 1000 A, wall-type air-blast breakers are 
available for rupturing capacities of 100, 200 and 400 thousand 
kVA, as illustrated in Figs. 16 and 17. This type is distin- 
guished by its small dimensions and can be mounted in a 
vertical or horizontal position. The operating gear is separate 
from the breaker, which is self-contained and has silencers 
mounted on the top of the contacts. The weight is re- 
markably small, and, due to the balanced design, the 
breaker is free from external dynamic forces, so that this 
design is suitable for mounting on light walls or structures. 
For the smallest size, a single-stage air compressor is sufficient. 
Each breaker may be combined with its individual air receiver 
and compressor as shown in Fig. 17. In the event of several 
circuit-breakers being installed in one station, it is advisable 
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to interlink the air receivers, unless a central compressor 
plant and an emergency air receiver are installed for the whole 
plant. Figs. 18 and 19 are illustrations of typical oilless 
switchgear installations. 



Fuj. IS. 'FYi’ievr. Ajk-hlast Switchoeak 
Installation 
{AMXD 


For high rupturing capacities tlie appearance is somewhat 
different, similar designs being used for indoor and outdoor 
work. The somewhat higher air pressure required in this 
instance calls for a two-stage compressor, and as a rule it is 
advisable to centralize the air compressing plant of a station. 
The circuit-breakers for the very highest rupturing capacities 
and voltages are designed on similar lines; Fig. 20 shows a 
66-kV model; Fig. 21 a number of 110-kV breakers installed 
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Fia. 19. 10 kV Switchgear with Air-blast Breakers of 
High Rupturing Capacity 
{*‘The Power Engineer") 
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at a hydro-electric power station; the frontispiece is an 
illustration of a 220-kV breaker. 

On the Continent, 15 000 volts, 16f cycles, single-phase, is a 
common supply for traction purposes. For use on locomotives. 





Fio. 20. 66 kV Aiit-JiiwVST Cibcuit-hreaker 
{A.EM.) 

a single-pole air-blast breaker of a special type has been 
developed, and is illustrated in Fig. 22. Its rupturing capacity 
is 100 000 kVA. 

Whilst all the breakers referred to above operate with an 
air pressure between 100 lb. for the smallest and 250 lb. for the 
largest size, which is sufficient to clear the arc within one 
half-cycle, another type has recently been built in Canada with 
a great number of breaks in series. This enables 100 lb. pressure 



Fig. 21. Atr-blast Circitit Breakers for HOkV installed at a Hydro-electric Po\^"er Station 
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Ficj. 22. I.IkV I'kaction Tyim-: (’ihcuit-breaketi 
{"The PoH'er Engineer") 



Fia. 23. 20 kV Water Circuit-breaker 
Eerquson Pailin Ltd,) 
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to be used for a 132-kV breaker ; the slight advantage, however, 
does not appear to warrant the complication of the multiple 
contact arrangement. 

Fig. 23 shows a 20-kV water circuit-breaker with a rated 
normal current of 600 A and a rupturing capacity up to 
250 000 kVA; Fig. 24 shows a heavier type of breaker, which 
can be supplied up to 22 kV for rated normal currents up to 



Fio. 24 . 20 kV Heavy Cukuent Water Circuit-breaker 
(“ TJie Pmer Engineer ”) 

4000 A, and a rupturing capacity of 300 000 kVA. The breaker 
shown in this illustration is fitted on a truck, together with a 
centrifugal-type operating mechanism. Fig. 25 shows a dia- 
grammatic cross-section through a water circuit -breaker. 
When moved upwards, the movable contact 6, as soon as it 
disengages from the fixed contact a, draws an arc in the water- 
filled arcing chamber d. A portion of the water is evaporated, 
and a steam jet blows upward after the movable contact has 
left the arcing chamber. The steam is subsequently condensed 
in the condensing chamber e which, in the case of the particular 
design represented in Fig. 25, serves at the same time as a 
spare water reservoir. 

A Siemens-Schuckert water breaker for 10 kV, 600 A, is 
shown in Fig. 26, while Fig. 27 is an illustration of a large out- 
door oil circuit-breaker of the “Expansion” type. A large G.E» 
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oil-blast or impulse circuit-breaker, with a rupturing capacity 
of 2 500 000 kVA at 287 kV, is illustrated in Fig. 28. Fig. 29 
gives a cross-section through a 138-kV breaker of the same 
type. 

The main operating rod, which is not shown, is connected 
by a clevis to a crank on the main operating shaft 1. The 
breaker is closed by a counter-clockwise rotation of the shaft, 



a Fixed contact 
b Movin^r contact 
c OperatinK levers 
d Arcing clniinber 
e Condcnsinjj cliandx'r 

Fig. 25, Cross-section 
THROUGH Water Circuit- 
breaker 
(A.E.G.) 



Fig, 26. “Expansion” Type 
Water Circuit Breaker, . 
10 kV, 600 A 
(Siemens- Schuckert Werke) 


which is operated by a spring previously set by a motor and 
a gear train. This shaft carries two other cranks 2 and 3, 
Fig. 29. Crank 3 is linked to the piston 13, and lifts it up 
during the closing stroke, drawing up oil, through valve 12, 
into a pressure chamber A, During the closing operation, the 
drawing of oil from the region of the contacts is prevented by 
a flap valve 11. The oil returns to the centre casing, where 
any carbon or particles of metal from the contacts settle down. 
Crank 2 is linked, via crank 4, to two horizontal parallel opera- 
ting rods 5 (shown in the smaller illustration), which, sliding 
on rollers, extend along the other units and carry the moving 
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contact 6. As the breaker is closed, these rods move inwards, 
i.e. to the left in the part section shown in the illustration, and 
engage the stationary contacts 7 and 8. The current now passes 
from the connection end cap to the first movable contact 6, 
by way of a flexible lead ; then from the stationary contact 7 
to the second moving contact 6, through a silver-coated joint; 



Fig. 27. Outdoor “Expansion” Type Circuit Breaker, 

100 kV, 600 a 

{ S ie me ns-Schuckeri \ Ve.rke ) 

and finally from the stationary contact 8 through an insulated 
lead to a current transformer in the supporting column. A 
powerful spring which causes shaft 1 to rotate clockwise assures 
a high mechanical speed in tripping. The contacts move out- 
wards and the piston 13 moves down. The oil closes valve 12, 
lifts valve 11 and passes up through ports 9 and 10. Then it 
traverses the path shown by a dotted line, washing the arc into 
these passages, and at current zero a wall of solid oil separates 
the ionized gases from the contact surfaces of each pair of 
contacts. The entire circuit-breaker has four pairs of contacts, 
so that a total of eight oil walls oppose re-striking of the 
arc. 
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The assembly of contacts, operating rods, etc., is mounted in 
a bakelite tube that supports all working parts, sustains all 
pressures and mechanical stresses. These bakelite tubes are 
protected by porcelain shells, which merely carry their own 
weight and hold part of the 96 gal. of oil contained in the unit. 
The inside of the bakelite tube is divided, slightly below the oil 



Fkj. 2S. 2S7 kV Imptlse Type C’litcL it-hke\ker 
{I iilrriKitiotml (Iritrrul llh’rtnc ('<k (tf Sew Vurk LtiL) 


level, by a horizontal diaphragm. This diaphragm separates 
the oil distributing manifold from the air space into which oil 
and gases discharge during interruption. 

In this type of breaker the arc is cleared in less than two 
half-cycles. 

Whether, ultimately, circuit-breakers will be superseded 
altogether by grid-controlled valves or similar devices, it is 
not yet possible to foretell. At present, as has been shown, 
the air-blast circuit-breaker appears to be the best practical 
solution, from every point of view, of the problem of a.c. high 
power interruption. 






Fig. 29. Cboss-section through Impulse-type Oil Circuit-breaker 
{IntermtioTuU General Electric Co. of New York Ltd.) 



CHAPTER III 

GENERATOR PROTECTION 

Aim of Generator Protection. The aim of generator protection 
can be defined thus — 

In the event of a generator being exposed to damage by any 
external or internal occurrence, it must be separated from the 
source of danger, or otherwise safeguarded in time to avoid 
damage, but not earlier than immediately before being liable 
to damage. This latter condition is perhaps the most important, 
and,~at the same time, the most difficult to comply with. It 
requires the protective gear to discriminate between various 
types of fault, and to maintain normal operation of the pro- 
tected generator for as long as is compatible with its safety. In 
this way other protective gear in the system is given the oppor- 
tunity to act and isolate a fault or suppress a disturbance, 
without interrupting the continuity of generation. 

A generator is exposed to damage as a result of any of the 
following occurrences — 

Faults on Prime Movers, causing a reverse of power flow. 
Any type of relay having directional features gives protection 
against this contingency. 

The use of reverse power relays is, however, not favoured in 
modern practice, since a reversal of power flow does not take 
place unless the fault is a very heavy one and even then not 
immediately ; on the other hand, heavy fluctuations of load 
occur between the individual machines in the event of a tem- 
porary decrease of voltage, often causing reverse power relays 
to operate and cut out their alternators without need. If a 
reverse power relay is to be used at all, it should therefore be 
combined with delayed excess current protection in such a way 
that the time lag of the latter is reduced in the event of a power 
reversal. 

Overspeed, causing excessive centrifugal forces and possibly 
a dangerous over-voltage. Suitable mechanical or electrical 
regulators and centrifugal switches or excess voltage relays are 
the means employed against this evil. 

Persistent Overload causing excessive rise of temperature. As 
long as the temperature does not exceed the permissible limit, 

39 
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it is not desirable that any automatic switching operation 
should be carried out (except the starting and paralleling of 
additional generating units in automatic stations), but an alarm 
should be given so that the necessary steps may be taken by 
the attendant, \3fhus overload as a danger to generators is 
practically eliminated, and any protective relays provided for 
this purpose may be regarded as a last emergency resort. In 
order to adapt their operation to tlie overload capacity of a 
generator, their releasing time would have to vary inversely with 
the current, following a curve approaching tlie overload time 
curve of the generator. This is dilticult to achieve, so that relays 
with a definite current setting are often favoured in practice. 

A fault having consequences similar to an overload is a heavy 
out-of-balance current due to an assymetrical load. It is con- 
sidered sufficient to provide a warning signal by means of an 
out-of-balance relay, when the out-of-balance exceeds 10 or 20 
per cent. 

External Short-circuit. The effect of such faults on generators 
is manifold and, of course, greatly dependent on tlieir nature. 
A short-circuit far away from the power station is felt more 
in the nature of an overload, whereas a short at or near the 
bus-bars imposes heavy momenta'ry mechanical, electrical and 
magnetic stresses, on the windings and the iron. Tlie momen- 
tary pealTTJT tlie IdTort-circuit current is determined by the 
design, notably by the leakage reactance, of a machine. It is 
practically the same for shorts across one, two or three phases, 
and seldom exceeds fifteen times the rated current with modern 
alternators ; old machines sometimes have a momentary short- 
circuit current up to forty times their rated current. After a 
^ few cycles the d.c. component of the short-circuit current has 
\di8appeared, and after several seconds the a.c. component is 
reduced to the much lower continuous short-circuit current 
(see Table I). The design of modern alternators is such as to 
enable them to sustain a short-circuit across their terminals 
without mechanical or magnetic damage. Hence, the permis- 
sible duration of the short is, again, as in the case of overload, 
only determined by the temperature of the windings, and the^ 
same relay is, therefore, used for dealing with both types of 
fault. The permissible duration of the short-circuit determines 
the definite minimum time setting of the excess current relay. 
Underl normal circumstances the time setting is between 4 and 7 
seconds, 
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Internal Short-circuits. In contrast to external faults, these 
necessitate instantaneous disconnection of the faulty generator 
from the bus-bars. The conventional type of protection is a 
differe7itial circulathig current relay of the Merz-Price type. 
A variety working on a similar principle is- the Beard (self- 
balancing) system. The latter has the disadvantage that it is 



difficult to build self-balance current transformers with ade- 
quate insulation and dynamical strength. Both systems 
originated in England and have found widespread application 
in all countries. Out of numerous modifications some important 
improvements will be of interest. 

If the circulating current system is applied in its original 
form (Fig. 30), the two sets of current transformers must, of 
course, be accurately balanced; further, in order to balance 
the burden it is necessary to connect other (e.g. excess current) 

4“(T.24) 
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relays and instruments to separate current transformers, and 
further to insert compensating resistances. Without these 
precautions, excessive currents may pass through the relays 
in the event of faults outside the protective range, and undesired 
relay operation would ensue. 

In the conventional type of differential relay the current 



Fig. 31. Pi:rfokmaxce of Differential Relays in Unbalanced 

Circuits 

setting is determined by the constant force of a weight or spring 
(line a in Fig. 31). If the error current due to a slight unbalance 
in the current transformers or leads is plotted in the same 
diagram (line 6), it will be seen that the line representing this 
error current is inclined. Any secondary current to the right 
of the intersection {A) of the two lines a and b causes an 
undesired relay operation. The obvious remedy is to make the 
counter-force in the relay dependent on the alternator current, 
as indicated by line c. This is achieved by the addition of a 
biasing restraint coil {H in Fig. 32). 
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The angle a is small as long as a short-circuit is outside the 
relay range ; if, however, a fault occurs within the relay range, 
i.e. between the two sets of current transformers, the out-of- 
balance current is heavy and angle a is almost 90^ (lines e, 
forg). 

Differential relays provided with a restraining coil may be 
connected to ordinary bushing transformers. Thus a funda- 
mental disadvantage of the original circulating current system 
has been ehminated. A typical modern three-phase electro- 
magnetic diflE‘erential relay built on these lines is illustrated 
in Fig. 33. There are two systems working against each 



FlO. 32. OiRCULATINCJ-ClJUllENT PllOTECTlOX WITH McC’OLL 
Kkstkaint Coil 

A — Tripi)iiig coil. 11 — lic.straint coil. 


other ; the top system carries the fault current or error current 
ii— i 2 (Fig. 32), whereas the bottom (restraining) system is 
energized by the operating current ig- 

Any scheme of alternator protection should, as a rule, be 
combined with a quick-acting field- weakening device. The 
telay contacts are also often used for closing the main steam 
valve and for operating fire extinguishers. 

In Fig. 34, which illustrates a typical example of modern 
protective gear for a medium size alternator, a COg type of 
fire extinguisher is operated also in case of an earth fault. This 
provision has been made for the reason that no direct protection 
• is installed against faults between turns (a rare occurrence) ; 
it is safe to assume that a leakage between turns is accompanied 
by an earth fault. 

A separate set of current transformers must be used for the 
connection of excess current, reverse power and earth leakage 
relays and measuring instruments, unless a special design of 
combined differential and summation transformers (K, My D 
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in Fig. 34) is utilized. These combined current transformers 
are of the self-balancing type. The two ends of each 
alternator phase winding are brought out, and passed through 
a common iron circuit. The secondary differential and earth 
leakage winding D (Fig. 34) consists of several parts suitably 
distributed over the iron core. The core is bridged across the 



Fio. Modern Differential Uj:lay 
{A.EJ}.) 


centre ; the flux in this centre leg corresponds to the sum of the 
two primary currents. The centre leg carries a secondary 
current winding M, to which the excess current and reverse- 
power relays are connected. 

The application of distance relays to alternator protection 
might be considered in plant of minor importance. These relays 
are able to replace not only the differential relays, but also the 
excess current and reverse power relays. Thus the protective 
equipment of a generating unit can be greatly simplified, in 
particular if, instead of three distance relays in the three 
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phases, only one is used together with suitable change-over 
relays. 

As distance relays are mainly apphed for the protection 
of ring main feeders and interconnected networks, they will 
be dealt with in greater detail under that heading (see Chap- 
ter VII). Normally, the distance relays are provided with 
directional features. For generator protection, the relay (or 
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relays) should be non-directional, so as to act in the event of 
any internal or external overload or short within the alternator 
circuit (including the bus-bars), even if the protected alternator 
is the only one in operation. 

Extern^ Earth Faults. If the alternator forms part of a 
system protected by a Petersen coil (see Chapter VT), no further 
earth protection is required ; but an indicating relay is usually 
installed so as to enable the position of the fault to be ascer- 
tained without delay. This indicating relay is of the wattmeter 
type, and is connected to the common earth lead of three current 
transformer secondaries and to a neutral potential trans- 
former. Normally, both the resulting current and the neutral 
potential are nil, while, in the event of a fault to earth, the 
relay operates a signal. 

Internal Earth Faults can be dealt with by similar earth relays. 

The determination of the correct size and method of connec- 
tions of the neutral resistances is a matter of some complexity.* 
On the one hand, a neutral resistance should be connected to 
the star-point of each alternator, of a resistance value suffi- 
ciently low to keep the neutral potential down when an earth 
fault occurs, and to admit a fault current not too low for the 
operation of earth relays ; on the other hand, it is desirable 
to keep the earth current as low as possible, so as to prevent 
damage to the macliines, and to avoid an earth fault develop- 
ing into a multi-phase short. In a station containing a number 
of alternators, each having its own neutral resistance, the 
value of the earth current in case of a fault varies in accord- 
ance with the number of units actually connected to the bus- 
bars. It is therefore often advisable to install an artificial 
neutral transformer, connected directly to the bus -bars, and 
to connect the only cartliing resistance to the star point of 
this transformer. These are conflicting conditions, but if the 
problem they present is approached intelligently, it will be 
found possible to satisfy the several major requirements in any 
given case, and at the same time to leave some degree of latitude 
in the choice of the correct size and arrangement of the earth 
resistances. In many cases the use of voltage -dependent iron 
filament resistances will be found to be advantageous. t 

A typical example of modern protective gear incorporating 
iron resistances for a medium size alternator is illustrated in 
Fig. 34. Nine iron lamp resistances L are connected to a 

* See Bibliography, No. 20. t See Bibliography, No. 19. 
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potential transformer T, three of them in series with the earth 
relay. Due to their characteristics, these lamps normally have 
a low resistance, and are thus effective in leading to earth an 
excess voltage on the alternator winding. On the other hand, 
the current from an earth fault in the alternator circuit is 
quickly reduced to a very low value by the increasing resistance 
of the lamps as they heat up. With this arrangement, it is 
safely permissible to continue operation with one phase earthed 
until another machine has been started up. The second poten- 
tial transformer P serves to displace the neutral potential, so 
that operation of the earth relay is secured even when the fault 
is at, or near, the star-point of the winding. 

Multiple Earth Faults. As far as alternators are concerned, 
this type of fault is practically identical with short-circuits. 

Faults between Turns. The timely detection of this class of 
fault may avert heavy damage. On the other hand, the means 
available for this purpose are rather complicated and are 
not, therefore, always provided. As already mentioned, faults 
between turns are almost invariably accompanied by simul- 
taneous earth leakage, so that protective gear acting in case 
of internal earth faults may be looked upon as a sufficient 
safeguard. The most successful system of direct protection 
against faults between turns consists of a reactance or potential 
transformer connected in parallel with each phase winding of 
the alternator, and with midpoint tappings in both. The 
respective midpoint tappings of the phase windings and the 
parallel reactances are connected through an auxiliary cur- 
rent transformer, Avhich is energized in case of any internal 
unbalance, and operates the tripping circuit. 

Excess voltage. As regards surges due to atmospheric dis- 
charges, switching operations, or persistent arcs, it is not 
necessary to provide separate protection for an alternator, 
since excess voltage arresters installed at each outgoing feeder 
or on the bus-bars* are sufficient protection for the complete 
station including the alternators. 

If a small alternator is connected to a step-up transformer, 
a puncture fuse may be fitted in order to prevent damage to the 
alternator in the event of the machine becoming connected to 
the h.t. side as a consequence of a transformer fault. 

Under-voltage, Instability. It has been shown above that 
perfect protection of an alternator may be achieved either by 

* See Chapter V. 
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means of excess current relays of the inverse definite minimum 
time lag type, combined with differential current relays and an 
earth relay of the wattmeter type, or alternatively, by means 
of distance relays combined with an earth relay. In both cases 
a reduction of the continuous short-circuit current has often 
been attempted by means of quick -acting field weakening gear. 
This measure results in a depression of the terminal voltage, 
and is, therefore, liable to interfere with the co-operation of^ 
several power stations feeding into a common network. Except 
perhaps in the case of isolated power stations, it is desirable 
to maintain the voltage and thus prevent any alternators o| 
whole power stations from falling out of step ; thus, a tendencyi 
is advocated in certain quarters not to weaken, but to strengtJiM. 
the fields of alternators in the event of external short circuits . t 
W here any part of the system is unable to sustain the full (or 
even increased) short-circuit currents due to this measure, the 
jsubdivision of bus-bars, with or without reactors between the 
[sections, offers a simple and reliable remedy (see Chapter V). 

* See Bibliogra})hy, No. 1. 



CHAPTER IV 

TRANSFORMER PROTECTION 

Aim of Transfomier Protection. The aim of transformer protec- 
tion is similar to that of alternator protection. As in the case 
of alternators, the protection must be effective against external 
and internal faults. 

External Faults and Overload. The effect of external (ter- 
minal) faults is kept away from a transformer by means of 
excess current relays, or better still, by circulating current 
protection. Of course, the latter requires current transformers 
with equal secondary currents on both sides. Special overload 
relays have also been developed, acting on the square of the 
current in excess of normal. Alternatively, contact thermo- 
meters are suitable for the same purpose. 

Internal Faults — Differential Protection. As a protection 
against internal faults, including leakage between turns, the 
original circulating current method is not sufficiently sensitive. 
The magnetizing current and the alteration of ratio by tappings 
or induction regulators, introduce well-known difficulties. An 
improvement was effected through the use of biased relays, 
such as are referred to in Chapter III.* In view of the initial cur- 
rent surge when connecting a transformer to the supply, a time 
relay must be added. If the protected transformer is combined 
with a tap-changer or induction regulator, it is always advisable 
to insert an equalizing transformer as shown in Fig. 35. A 
system according to this diagram is also suitable for the 
protection of a transformer with a Petersen coilf connected 
to its star-point. 

Good results have also been obtained by means of ordinary 
differential relays, each with a separate locking relay, whose 
contact is connected in series with that of the circulating 
current relay ; these locking relays prevent tripping due to 
external short-circuits without impairing sensitive action on 
internal faults. J The locking relays may be equipped with 
change-over contacts and, in conjunction with a time relay, 

* See p. 42 and Figs. 32-33 ; also Bibliography, No. 30. 
t See Chapter VI. 
j See Bibliography, No. 29. 
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be used for delayed tripping in the event of external short- 
circuits. 

Very sensitive protection may be obtained by the introduc- 
tion of wattmeter-type relays. Through this system it is 
possible to separate the copper and iron losses, and to use only 
the latter for discrimination. Thus, the relay only responds to 
changes of flux or to faults in the windings. This arrangement 



Fig. ,‘{5. Diffkkfjxtiat. Tkansfoumek Protection 

(yl./v.G.) 

is shown in Fig. 36 as applied to a transformer connected in 
star/star. An auxiliary transformer (DH) supplies to the 
current coils of the wattmeter relay {WDR) the difference of 
the currents on both sides. The voltage coils of the relay are 
energized through a potential transformer. The equipment will 
operate if the losses are only 2 per cent in excess of normal. 
A scale on the relay indicates the magnitude of the iron loss. 

This equipment is, however, unnecessarily elaborate and 
expensive, and for these reasons little applied in modern 
practice. Another solution giving satisfactory results is pro- 
tection by means of distance relays. The connections in this 
instance are the same as for ring main feeders (see Chapter VII). 
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But these, again, are not much used, as there is another more 
direct means of transformer protection in respect of all internal 
faults, viz. the Buchholz relay. 

Buchholz Belay. This device is extremely simple and 
reliable. It consists of a small tank inserted in the pipe 
connection between the transformer tank and its conservator. 
Normally, the relay is filled with oil and a fioat arranged 



Fig. 36. Differential Protectiun Using Wattmeter Relay 
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therein is pressed upwards. In the event of a fault, gas bubbles 
rise instantaneously, and on their way upwards are trapped in 
the relay, whose upper part quickly fills with gas. The fioat 
drops with the oil level and operates a mercury switch in the 
tripping or alarm circuit. In order to make the operation definite 
in any case, a ball is provided inside the float which rolls down 
and forces the float into the bottom position. It is also possible 
to use two floats (Fig. 37) \ this case the upper one becomes 
operative in the event of a very light fault, and is used for 
operating an alarm. When the fault persists, or becomes more 
serious, the second contact eventually closes and causes tripping 



Fig. 37 . Cross Section through Buchhouz Relay 
{A.E.G.) 
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of the circuit-breaker. Fig. 3S shows a transformer equipped 
with a Buchholz relay. 

The Buchholz relay is much employed with transformers of 



l^’rcj, .‘JS. 'i'liANsi uiiMKii with HiT'fruoLZ Relay 

(J.A'.L'A 


every size and deseri[)tu)n. It requires only the addition of 
excess current, distance, or differential relays with high setting, 
or of a contact thermometer, to provide against overload and 
faults at the terminals and in the external connections. 

For small distribution transformers, in connection with solidly 
interconnected l.t. networks (see Chapter VIII), no external 
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short-circuit protection need be installed, as the maximum 
current is limited by special reactors on the l.t. side. The 
protective gear of such transformers is thus limited to a Buch- 
holz relay and a contact thermometer, both operating the h.t. 
circuit-breaker and the l.t. reverse power breaker. If indication 
of internal faults is considered sufficient, the h.t. circuit-breaker 
may be omitted (see Fig. 132). 

Elarth Faults. No separate protection from earth faults is 
required in systems protected by a Petersen coil, but a sig- 
nalling relay should be installed as in the case of alternators. 
If automatic disconnection is required, e.g. in the case of 
transformers feeding underground cable systems, this may be 
achieved by differential relays or by means of wattmeter-type 
leakage relays. In systems with solidly earthed neutral, a 
leakage relay may be connected to a current transformer in 
the earthing lead, or earth protection may be combined with 
excess current, distance, or differential protection. 

Excess Voltage. Separate surge protection for transformers 
is not required. Suitable excess voltage arresters installed at 
the bus-bars of a station (see Chapter V) will extend protection 
to all transformers in the same station. It may be pointed out, 
in this connection, that recent research has established beyond 
all doubt the fact that the most important factor endangering 
modern transformer windings is not the steepness of the front, 
but the peak value of a surge.* The protective value of surge 
arresters is much improved by interconnecting their earth leads 
with the secondary (l.t.) transformer neutral. 

In cases where a great number of small distribution trans- 
formers, each protected by quick-acting fuses, are arranged 
along a feeder, a frequent form of disturbance due to atmo- 
spheric excess voltages is the blowing of a number of fuses. 
As this mainly applies to outlying rural districts, considerable 
delay occurs in replacing the fuses and restoring the supply. 
The cost of protecting each transformer by a separate set of 
arresters may be found to be prohibitive. In such cases it is 
useful to remember that a very high percentage of lightning 
trouble is not caused by the voltage surge itself, but by 
power current which follows through the highly ionized path 
prepared by a flash-over. For this reason it is possible to 
obtain a satisfactory degree of safety by installing a reduced 
number of arresters on points of special importance, and by 
♦ See Bibliography, No. 74. 
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earthing the system neutral through a Petersen coil. The latter 
will suppress the following power current entirely, and thereby 
prevent the blowing of fuses. 

Windings of booster transformers are particularly exposed 
to damage by excess voltage surges, and it is therefore recom- 
mended to protect them by means of shunt-connected arresters 
(see p. 61). 



CHAPTER V 

PROTECTION OF BUS-BARS AND SWITCHGEAR 


Current Limiting Devices. Though circuit-breakers are them- 
selves installed mainly for the protection of other plant, they 
also must be afforded protection from being stressed beyond 
their own rupturing capacity. If tlie sliort-circuit currents 
which may occur are in excess of those for which switchgear 
(including bus-bars, current transformers, etc.) is designed, it 
would be subjected to excessive mcclianical stresses, and 
possibly also to overlieat. Sliould tins be tlie ease, the maxi- 
mum short-circuit currents must be lediiccd. This may be 
achieved either by means of current limiting devices or by 
subdividing the bus-bars into individual sections ; between 
sections current limiting rmefor-^ may be inserted. These are, 
as a rule, of the cast-in-concrete design, whicli is most suitable 
for dealing with the high mechanical stresses imposed by a 
short-circuit. A typical current-limiting reactor is illustrated 
in Fig. 43. Besides protecting tlie main switcligear from being 
overstressed, these reactors also have a second and equally 
important function, viz. to localize a heavy voltage drop, as 
is necessarily incidental to heavy faults, and to prevent the 
faUing out of synclironism of all machines connected to the 
same bus-bars. 

Since reactors are permanently in ciremit, their reactive value 
is limited through considerations of working under normal 
conditions. This can be avoided, and higher reactance values 
can be employed, if an arrangement as in Fig. 44* is used. The 
main reactor winding (1) is, in this case, opposed and its 
reactance neutralized by a second winding (2) which is cut out 
in the event of a heavy fault through a fuse or valve (3). A 
third winding (4) is available for auxiliary, e.g. alarm purposes. 

Current limiting reactors of whatever type are exposed to 
damage by excess voltage surges, and should be shunted by 
suitable excess voltage arresters (see p. t)!). 

Another modern method of limiting the short-circuit current 
makes use of quick-acting high power wliich interrupt 


* Brit. Patent No. 421467 (IVTackay nntl Knowles). 
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the current long before the highest peak is reached. A success- 
ful quick acting li.t. fuse is illustrated in Fig. 39. The fuse 


1 


•'•rmrnfTmfiniiflTH I 

lliuujilillliliiiuUiil 1 





Fig. 30. Cariion Tktrachroride Fuse 

{Alleu Wettt) 

element consists of two wires, one a strain wire of high resist- 
ance material, and the other the fuse element proper. When 
the fuse operates, the spring 
is released, and the arc is 
quickly drawn into the 
liquid and extinguished ; on 
heavy shorts, a vent cap is 
blown off, thus relieving the 
pressure. 

Another type, operating 
without any moving parts 
and without liquid filling, is 
shown in Fig. 40. In this 
case, one or several silver 
wires are wound on a cera- 
mic carrier and surrounded 
by sand. When a short- 
circuit or heavy overload 
occurs the wire evaporates, 
and forms with the sur- 
rounding sand a semi-con- 
ductive tube (Fig. 41), the 
resistance of which depends 
on the temperature and 
becomes infinite when the 
temperature is sufficiently 
low. Actually, the convec- 
tion of heat is sufficient to reduce the temperature, once all 
metal has been evaporated, i.e. from approximately one-tenth 
of a cycle after the inception of a short-circuit. Thus this type 

5-(T.24) 



Fig. 40. H.S. Type High Power 
Fuse Cartridge. Three-phase 
Rupturing Capacity, 400 MVA 
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Fig. 41. Fuse-wike Caiuiier after Oreration 
ON A Short Circuit 
Showing tlio cunipound formod from tho sjind sur- 
rounding the t'vaporatod wiro 

(A.I'J.a.) 


of fuse prevents the 
short-circuit current 
from reaching its full 
peak value, and inter- 
rupts the circuit in 
less than one -half 
cycle without a rup- 
turing arc and thus 
entirely noiseless. 
The three-phase rup- 
turing capacity is 
400 000 kVA. 

The usual tell-tale 



Short-circuit Current (It.M.S. value in kA) 

Fra. 42. Characteristics of H.S. Type High Power Fuses 
(Fig. 40), showing the Current Limiting Effect 
I„ == Hated current of fuse 
[A,E.Q.) 
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wire may be carried through a small explosive cartridge 
which drives a small plunger out of one end; this may be 
used for tripping a switch, thus effecting isolation of all three 
phases. The current limiting effect of such high power fuses 
(which are now available for voltages between 3 and 33 kV and 
all current ratings occurring in normal practice) is evident 
from the curves given in Fig. 42. 

J Short-circuits across the bus-bars themselves are more fre- 
vquent occurrences than is often assumed. At the same time 
they are among the 
most feared, since they 
lead to the disconnec- 
tion of all feeders con- 
nected up to the station 
involved. It is, there- 
fore, recommended to 
separate the three 
phases throughout, in 
open or cellular switch - 
gear by suitable bar- 
riers, and in metalclad 
gear by compound in- 
sulation. Where this 
measure is economically 
feasible, a bus-bar short 
is made a very rare 
event. 

Excess current or 
distance relays and the 
latest types of direc- 
tional balance protec- 
tion afford protection 
from bus-bar short-cir- 
cuits by the relays installed for the protection of transformers 
and feeders, so that no additional bus-bar protective relays are 
required in conjunction with these systems. 

Split-conductor, differential or older directional balance 
systems, however, leave the bus-bars unprotected and require 
supplementary bus-bar protective gear. Circulating current 
systems are suitable for this purpose, but their cost and addi- 
tional complication are sometimes considered prohibitive. As 
a rule it is necessary to install three extra current transformers 



Kkj. 43 . Cast in^ Conc^rkte Typk Current 
Limitinq Keactor 

(Ti.T.-II. Co. Ltd.) 
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in each feeder, since the existing current transformers are 
usually rated in accordance with the load on their respective 
feeders. The difficulty of providing adequate bus-bar protection 
is an important point against the use of differential systems of 
feeder protection. 

Excess Voltage. Electrical apparatus installed in stations, 
particularly in those connected to overhead transmission lines, 

is exposed to excess voltages, 
due to lightning or other sources. 

Ill the next chapter it will be 
shown that even without the 
employment of special line pro- 
tective devices, excess voltages 
reach a station in the shape of 
a surge having a crest value of, 
say, ten times the rated r.m.s. 
voltage, which may rise to about 
twenty times the rated voltage 
by reflection. On lines sup- 
ported by wooden poles, the 
crest value of surges may rise up 
to 500 kV, independent of the 
nominal line voltage. Excess 
voltage surges travel along the 
line with almost the velocity of 
light and have often steep fronts 
with a rise of possibly 300 kV 
per microsecond, which corre- 
sponds to 1 kV per yard. The 
vary between 1 and 10 micro- 
seconds (corresponding to a length of 300 yd. to 3000 yd.) ; after 
reaching the crest the voltage drops comparatively slowly ; 
normally, after 5 to 50 microseconds half the crest value is 
reached again. 

Protection against surges must be afforded to bus-bars, and 
to all switchgear, transformers and machines connected thereto. 
In switching stations, protection may be achieved by raising 
the ‘Tevel of insulation’’* above that of line insulation, a 
measure often impracticable, and as a rule not advisable. The 
normal and indeed logical practice, is to provide the unprotected 
line with a higher, and station equipment with a lower level‘s 
* See Bibliography, No. 68. 



Fid. 44. Compensated Cdrrent- 
Limiting Rkactoe 
{Ilackbridge EL Constr. ('o.) 


total time of the front may 
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insulation, the latter being efficiently protected by suitable 
excess voltage arresters. In end stations excess voltage protec- 
tion is required under all circumstances, in view of the further 
increase of voltage due to surge reflection. In through-stations, 
the amount of voltage increment due to partial reflection 
depends on the number of outgoing feeders. 

In principle there are two distinct ways of combating excess 
voltage surges, viz : dischargers or arresters, and absorbers. 



Kto. 4r). Voltaok/Cukuent Chakactkrtstic of an 
Auto-valve Ahkestkk 


(a) Excess Voltage Arresters, connected between each 
phase and earth, and couvsisting of a resistance element in series 
with a spark gap. The spark gap flashes over when the line 
potential exceeds a certain value (usually at twice the rated 
voltage). The resistance sliould be as low as possible under 
excess voltage, so as to allow instantaneous discharge to earth. 
As soon as the line voltage returns to normal the flow of current 
through the arrester must stop, i.e. re-ignition must be averted. 
A high resistance is now desired, in order to facilitate inter- 
ruption. 

The oldest type of excess voltage arrester known was a horn 
gap with a ceramic or water resistance. This design, however, 
did not comply with any of the requirements stipulated above, 
and was, therefore, wholly inadequate. In theory, better results 
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can be obtained with aluminium cells or oxyde film arresters. 
Aluminium arresters, however, require careful and tedious 
attention and both types have been found to cause a certain 
amount of trouble, sometimes even endangering the plant which 
they were supposed to protect. 

A more practical solution is offered by the auto -valve 
arrester and related types. This consists of a column of discs 



Fig. 46. Outdoor Surgu Arresters 
FOR 1 1 AND 33 kV 
{A.E.G.) 


Fig. 47. Cross-section 
Through 33 kV S.A.W. 
Arrester 
{A.E.G.) 


with gaps between them, or of a porous block. In the gaps 
or pores a gaseous discharge occurs when the space is sufficiently 
ionized due to a high potential being applied. This type of 
arrester complies with all the above conditions but one: the 
operation is not instantaneous. At least one microsecond 
(millionth of a second) is required for the ionization preceding 
the discharge. This delay may be detrimental, as the fronts 
of surges are often so steep that the peak voltage is reached 
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within 1 or 2 microseconds, i.e. before the arrester becomes 
operative. 

This time lag is clearly visible in the oscillogram (Fig. 45), 
where the two curves, corresponding to rising and dropping 
voltage, form a loop. 


Double ■ qrip 
clamp terminal 
for fine connection 


Arrester unit 
top casting ~ 
(aluminum allog)* 


Thgrite discs 


W(2t- process — 
porcelain contalnerj 


Stoam-cured 
cement 

Arrester unit 
bottom casting—.; 
(aluminum allog) 


Foundation base 
casting (galvao- 
ized iron) 



Cap casting 
(aluminum allog) 


Spring 


Series gap unit 
(gap elements 
"sealed in wet- 
process porcelain) 


Double-grip 
clamp terminal 
for ground 
connection 


b’i(}. 48. ('koss-sk(’ti()n tiiroucjh Thyrite Arrester 

{Internatiotuil General Electric Co. of Sew York Ltd.) 

The most successful type of arrester, according to the autlior’s 
experience, is the “Thyrite'’ or “S.A.W.” type. This consists 
of a compound material whose resistance varies inversely with 
the third or fourth power of the voltage applied to its terminals,* 
connected in series with a multi-spark gap. The normal setting 
of the spark gap is such that the discharge through the arrester 
starts at twice normal line voltage. For the highest voltages 
this would not be satisfactory, and the action of the spark 
gap is then controlled by a number of shunt resistances, with 
the effect that the initial discharge voltage under impulse 

* See Equation 4a in Chapter I. 
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conditions becomes substantially lower than that on operating 
frequency. 

Fig. 46 shows typical outdoor arresters for 1 1 kV and 33 kV, 
and Fig. 47 a cross-section through one of them. Fig. 48 is 
another design based on the same principle. Fig. 49 illustrates 
the effect the arrester has on a surge with high peak and steep 
front. It will be seen that the crest value of 580 kV is reduced 
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Fig. 49. vScuges ox a 30 kV Svstem, with and without 
Auresters in (’ircuit 
(A.K.a.) 

by the action of the arrester to 90 kV, which is well below the 
surge flash-over voltage of transformers or switchgear of a 30-kV 
system, on which this oscillograph was taken. The action of 
this arrester is positive on any type of excess voltage, including 
surges of any shape. The time lag is less than 10“’ sec., i.e. 
the operation is practically instantaneous. Accordingly, the 
two lines of rising and dropping voltage in the oscillogram 
(Fig. 50) coincide, and there is no loop. 

Arresters of this design are available for any voltage up to 
220 kV, for installation indoors or outdoors. It has been 
established by extensive field tests with the use of surge genera- 
tors, that normally it is sufficient to connect one set of arresters 
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to the bus-bars of each station for the mutual protection of all 
gear connected to the same. It is essential that the leads 
between bus-bars (or conductors) and arresters, as well as 
between these and earth, should be as short as possible. Fre- 
quently a discharge counter is connected in the earth lead 
of each arrester or of each set of arresters. Since the discharge 
to earth lasts too short a time for oj)erating a counter mech- 



FkJ. 50. VoLTAfJE CURUKNT (’ll AH ACTERISTIC OF 
S.A.W. Arrester 
f.l. 

anism, it is only used for discharging a small condenser which 
is subsequently charged up from a dry battery (Fig. 51). The 
charging current performs the operation of the counter mech- 
anism. 

The action of surge arresters can be slightly improved by 
connecting two or three of them in parallel, or by adding a 
shunt condenser. As a rule, however, this is unnecessary. 

(6) Surge Absorbers, i.e. apparatus connected in the line 
circuit with a view to absorbing the energy of a surge while 
it is passing through, may either be static condensers 
connected between each phase and earth, or choking coils con- 
nected in the run of a line. Both expedients may also be 
combined. Condensers have found little use in practice, in view 
of the high cost, 
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The widespread practice of using pieces of underground 
cable between bus-bars and an overhead feeder, is an applica- 
tion of this type of protection. It is effective to a certain 
extent, but owing to the practical impossibility of using cables 
of sufficient length, the protective value is mostly inadequate 
against protracted surges. It is advisable to use cables insulated 
for a higher than the system voltage. 

Choking coils have also been frequently installed for the 


Counter 


Fig. 51. Connection of Three Arresters with 
Discharge Counter 

purpose of surge protection. Their shunting by resistances of 
'‘Thyrite” or '‘S.A.W.” material is a useful improvement. For 
obvious reasons, the inductance of such coils must be kept 
comparatively low, so that the flattening effect on a surge is 
very small, unless a steeper wave front is applied than those 
actually occurring in practice. Even then, the peak voltage is 
not sufficiently reduced, as may be seen from test results 
published. Hence, a choking coil of practicable dimensions 
cannot have any substantial protective value. It has been 
contended that the effect is improved through a distributed 
capacitance to earth {surge absorber^ see Fig. 62), but that 
contention has been submitted to criticism which appears to 
♦ See Bibliography, No. 68 (Fig. 41), 
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be well substantiated.* It seems only to be justified when the 
inductance of the coil is as low as about 1000 fiH, but even 
then the combined effect of the coil and the earth capacity, 
including the additional effect due to dielectric discharge 
and eddy currents in the shell forming the secondary circuit, 
is considerably less than that of an ordinary choking coil, for 

— — 


1 " 

Fig. 52. Diagram of Si rge Arsorher 

instance of the “Campos” type, a device much used in the 
past with an inductance over 5000 /iH. 

Direct Strokes of Lightning. All means of surge protec- 
tion enumerated above are designed with a view to reducing the 
shape and size of incoming surges to harmless dimensions, but 
not to afford protection from direct strokes of lightning into 
the station itself, or into a line in the immediate neighbourhood ; 
though there is mucli evidence suggesting that up-to-date 
excess voltage arresters are suitable for dealing with such an 
emergency. In any case, stations themselves should be built in 
such a way as to prevent a direct stroke reaching the apparatus. 
This is acliieved by overhead earth wires or masts shielding 
the station area, and by the installation of earth wires, or in 
the event of wooden pole lines, expulsion protective gapsj* on 
the adjoining lino sections. 

* Soo Hibliography, Nos. 52, 54, 60. 
t See Chapter VI. 



CHAPTER VI 

H.T. FEEDER PROTECTION 

The choice of protective gear is, of course, influenced by the con- 
struction of the feeder itself. Partly different gear may be used 
for underground cables or for overhead lines ; the importance 
of a feeder, the operating voltage, the number of sub-stations 
connected, and the availability of alternative means of supply, 
are other factors influencing the choice of protective equipment. 

Earthing of the Neutral. A fundamental question is the 
method of earthing the neutral. In favour of solid earthing 
can be claimed the absence of substantial excess voltages due 
to an arc to earth, and further, the fact that there can be no 
rise of the star-point potential in the event of an earth fault ; 
hence, the insulation of transformer windings may be of the 
‘•graded” design, whereby the cost of transformers is substan- 
tially reduced, and the well-knowm “shielded ” type of windings 
may be applied. On the other hand, earth currents are very 
high if the neutral is earthed solidly, and every earth fault is 
a single-phase short and leads to an interruption of supply. 

By earthing the neutral through a resistance, the magnitude 
of earth currents can be limited. As in the case of solid 
grounding, the line must be isolated immediately when an 
earth fault occurs. Altogether, results with the neutral earthed 
through a resistance have not proved too satisfactory. 

The Petersen Coil. If the one advantage of using trans- 
formers with graded insulation is relinquished, then the problem 
of earthing the neutral can be solved in an ideal manner by means 
of the Petersen arc suppressing coil or equivalent device. This 
principle is illustrated in Fig. 53. In the event of a fault to 
earth on an unprotected line with insulated neutral, the fault 
(which may be either in the nature of a solid contact or, more 
frequently, of an arc) carries a leading current. This current 
is composed of the two charging currents of the healthy 
conductors, i.e. 

i„c = M X X VsH 

Ire = 27r/ X C, X Vj,r 
68 


and 


(6) 

(6a) 
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where / denotes the frequency, Cg and Oy the capacitance to 
earth of each conductor, and Vg„ and Vgj. the acting line 
voltages, each equal in magnitude to Fj,^ X Vs. 

The resulting fault current 

4- Ire = X (VS)C,, X (V3)V,,* (6) 
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Fio. 53. Principle of Petersen Coil 

C'^, Vy = Earth capacities 
1 J V — Currents to earth 
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Ta) Solid Earthing. TWResIstance Earthing, fdlnsulated System. (H) Petersen Coll. 



Fia. 54. Ffpect of Neutral Kartiiinc on Current throuou 
A Fault to Earth 
If . Current throuujit tlie fault 


if sufficiently large, maintains an arc to earth, whereby serious 
damage may be done before the fault is isolated. As a rule 
this applies when the leading fault current exceeds about 3-4 A. 

If, now, as shown in Fig. 53, a choking coil (Petersen coil) is 
inserted between the star-point of a transformer (or alternator) 
winding and earth, of such inductance that the lagging 
current in the circuit composed of the phase winding B of the 
transformer (or alternator), the coil, and the fault, 

Isi == XL,) , , . . (7) 

* The symbols ^ and ^ are used to indicate a “ vectorial sum ” or 
“ vectorial difference.’* 
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is equal to the leading earth current the resulting current 
through the fault will be nil, apart from the very small watt 
component due to the ohmic resistance of the circuit. This 
follows from the fact that the phase of I^i is 180° different from 
that of /jj.. Thus, no arc can be maintained, and a single-phase 

earth fault does not cause 
interruption of service, if 

L, - l/[(27r/)2 X 3(7^,] (8) 

Fig. 54 compares the 
effect of various methods 
of earthing the neutral. 
The conditions assumed 
are those of a typical 33-kV 
network having a total 
extension of 100 miles. In 
the case of solid earthing, 
the current through the 
fault depends upon the 
distance of the fault from 
the supply end, and is 
here assumed to be 600 A ; 
it is lagging behind the 
voltage of the faulty 
phase. An earth resistance 
reduces the fault current, 
but at the same time dis- 
places the current vector 
considerably. In the case 
of fully insulated neutral, 
the current leads by nearly 
90° and amounts to, say, 
50 A. With a Petersen coil, the residual watt component will 
not exceed 5 A. 

The duration of the arc is determined by the fault current 
and by the conditions prevailing between the arc terminals. 
On an unprotected system, the voltage across the arc (Curve I 
in Fig. 55) rises to twice the normal voltage (Curve II) during 
the first cycle. A Petersen coil suppresses the voltage to a small 
residual value (Curve III) and thus prevents restriking. On 
the other hand, after extinction of the arc, current continues 
to oscillate in the circuit composed of the coil inductance 



Fig. 55. Conditions for the Main- 
tenance OF AN Arc to Earth 


(A.E.a.) 

I — Voltage rise* with fully insulated neutral 
IF — Normal phase volta^?o 
III — Voltage across the fault with Petersen coil in 
circuit 
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and the line capacitance, with the natural frequency of this 
circuit. 

As may be seen from Fig. 56 (taken on a 110-kV line), this 
natural oscillation decreases gradu- 
ally, while the voltage between the 
faulty phase and earth shows a 
simultaneous slow increase back to 
normal. At the same time, the 
potential of the two healthy phases 
also returns to normal. 

Thus, the great majority of 
earth faults are reduced to a short 
“kick,’’ and will, as a rule, remain 
almost unnoticed. Due to the slow 
and gradual return to normal con- 
ditions, no over-voltage can be set 
up. The comparatively rare occur- 
rence of a solid contact between one 
phase and earth, e.g. by a broken 
conductor, is also dealt with by the 
Petersen coil, and operation may 
be continued with one conductor 
earthed, for such a length of time 
until the affected section can be 
isolated for repair. It is, therefore, 
recommended to design Petersen 
coils for continuous rating. 

The great value of the Petersen 
coil is confirmed by its commercial 
success. It is in use on over 1000 
systems, comprising about 200 000 
miles of overhead and underground 
h.t. lines in all parts of the world, 
with voltages between 6 kV and 
220 kV. In Europe, with the ex- 
ception of this country, there are 
not many h.t. lines without the 
protection of a Petersen coil. On 
all these systems earth faults, formerly the main cause of 
interruptions, ceased to be regarded as a serious disturb- 
ance ; the total number of interruptions was thereby greatly 
reduced; in addition, much damage was averted and, in 
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several instances, men making contact with a conductor under 
full operating voltage, owe their hves to the compensating 
effect of a Petersen coil. Interference with telephone circuits is 
also greatly reduced by these coils. 

On overhead lines, the coil is still fully effective when out of 
tuning by as much as 10 to 25 per cent. The lower value refers 

to very high, the higher to medium 
voltages. A number of tappings 
are provided in order to adapt the 
coil inductance to the capacitance 
of variable lengths of lines. 

Fig. 57 illustrates the principle of 
connection. 

The design of a Petersen coil is 
similar to that of a single-phase 
transformer. Fig. 58 illustrates a 
large outdoor coil for use on a 
220-kV system. The construction 
of the core is shown in Pdg. 59. As 
will be noticed, its legs are divided 
by a number of gaps. The winding 
( Fig. 60) is constructed like a trans- 
former winding, and insulated for 
the line voltage. 

As will be clear from what has 
been said above, the Petersen coil 
as a means of eliminating the great majority of line inter- 
ruptions is the most important component of protective gear 
as a whole. It is therefore appropriate to analyse in greater 
detail one of the objections sometimes brought forward against 
its use, i.e. the alleged creation of dangerous over- voltages.* 
The Petersen arc suppressing coil is most efficacious when 
its inductance and the earth (;aj)acitance of the network 
under protection combine to produce a natural electiical 
frequency that is equal to the normal working frequency. 
Therefore, that which is otherwise viewed with trepidation in 
high-tension technique is particularly aimed at in this 
instance ; namely, an oscillatory circuit of widest possible range 
that embraces the entire network and is just in resonance with 
the working frequency of the network. Hence, as the voltage 

The following analysis is taken frona Bibliography No. 21, by kind 
permission of Professor J. Biermanns. 



Fio. T)?. Nokmal Connection 
OF Petersen Coil 
(A.E.G.) 

T Power transformer 
K Petersen eoil 
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to earth of the neutral point of the network which is caused by 
unsymmetrical line capacitances or by external influences need 
not necessarily be zero, the possibility of deleterious resonance 
phenomena occurring cannot be denied from the outset. On 



Fic. aS. Lakge Pf:teusen Coil for 220 kV 

the contrary, it is imperative to provide ways and means which 
’Will deflnitely prevent the development of dangerous over- 
voltages due to resonance. 

The required effect is, however, inherent. The arc suppress- 
ing coil embodies a magnetic path which is for the major 
part closed, and like in every such apparatus, the normal point 

6-(T.24) 
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Fifi. 5'.». CoUK OF Large Petersen Coil 
U-E.d.) 
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of saturation of the iron core is also selected of such value, 
for economic reasons, as is compatible with other technical 



Fig. go. Medu .m 8i/.k Petersen Coil, Ready Assemrled 
FOK Mounting in the Tank 
(A.E.G.) 


considerations. It is known that the magnitude of the reso- 
nance voltage possible with an oscillatory, partly iron, inductive 
circuit, is closely limited by the saturation point of the iron ; 
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the selection of a suitable iron saturation point, therefore, also 
confers on the arc suppressing coil itself — as recognized by its 
inventor from the outset— the ability to prevent dangerous 
resonance voltages. 

Impressed electro -motive forces can arise in such an oscilla- 
tory circuit for various reasons, and can tend to induce the 
latter to oscillate due to resonance, so causing an undesirable 
increment in the voltage of the neutral point to earth. Thus 
dissymmetry in the number of tmns of the three phases of the 
connecting transformer, which can either exist from the outset 
or be caused by defects in the windings, can give rise to an 
impressed e.m.f. 

E' - EV.n (9) 

where represents the voltages of the three phases of the 
transformer. Obviously with a symmetrical transformer, the 
sum of the three phase voltages is always nil. 

Dissymmetries in the capacitance to earth of the different 
phases of the network have exactly the same effect as if an 
exciting voltage 

E' ^ V,,X(AC/C) . . . . (10) 

occurs, where AC is the deviation of the capacitance of the 
unsymmetrical phases from the capacitance of the symmetrical 
phases, and C the entire capacitance to earth of the network. 
For instance, with a single-phase network, 

AC ^C^-Oo and C - C\ + C^, 

where C^ and G 2 represent the capacitances of the two con- 
ductors to earth. 

It is also known, that when another independent transmission 
system runs parallel to a given line and a superim]:)osition of 
the mean voltage to earth occurs in the former, the mutual 
capacitance C^ between both transmission systems has the 
effect of causing a voltage to be superimposed on the latter 
line. If Vox superimposed voltage to earth of the 

disturbed transmission system, an exciting voltage 

E' = Vo.xCJ(C + CA . . . (11) 

is induced in the oscillatory circuit formed by the earth 
capacity of the disturbed line and the inductivity of the 
Petersen arc suppressing coil. 
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If the Petersen coil were to possess no iron saturation, a 
resonance voltage 

ijco^LCf] ' 

would appear at the terminals of the coil and thus at the 
neutral point of the network, due to the influence of the 
exciting voltage E' . With a low circuit resistance R and accur- 
ately tuned resonance, it would mean that dangerous over- 
voltages might arise at the neutral point of the network, and 
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Fig. 61 . Magnetization Curve of a Petersen Coil 
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thus particularly in the phases having the least capacitance to 
earth. 

Actually, however, and as already indicated, the magnitude 
of the over-voltage possibly occurring due to resonance is 
confined to narrow limits on account of the effect of the 
saturation of the iron core of the Petersen arc suppressing 
coil. 

In Fig. 61 is shown a magnetization curve of a 200-kVA 
Petersen arc suppressing coil (normal rated voltage 2620 V, 
line voltage about 4500 V, rated current about 77 A). The 
curve clearly demonstrates that the saturation phenomena of 
the iron become very pronounced shortly after the normal 
voltage is exceeded, and lead to an abrupt bend of the 
magnetization curve which is characteristic of any closed 
magnetic circuit. 

In order to determine the resonance voltages occurring in 
an oscillatory circuit possessing self-inductance, the most 
appropriate way of approach is a graphical method, which will 
be briefly elucidated by means of Fig. 62. 
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This method ignores the influence of the ohmic resistance 
and the distortion of the current and voltage curves, and 
consequently provides approximate values only. The magneti- 
zation curve of the corresponding Petersen coil is plotted 
on a co-ordinate basis, and the values of the voltage E' which 
produces the oscillation are plotted as ordinates from zero 
downwards. It has been presupposed in the example to be 1 kV, 
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or 38 per cent of the phase voltage, a figure which would hardly 
occur in actual practice ; at any rate it would never occur on 
account of the dissymmetry of the phase capacities to ground 
under ordinary service conditions. From the point thus result- 
ing, a line is drawn in such a direction that it forms with the 
horizontal axis an angle a, so that 

tan a = I/ojC 

is determined by the capacitive reactance of the network. The 
magnitude of the resonance voltage occurring at the Petersen 
arc suppressing coil, and thus at the neutral point of the net- 
work, is to be found at the point where this line intersects 
the magnetization curve. Fig. 62 illustrates two typical cases. 
In one instance — assuming a non-saturated condition — the 
capacitive reactance is just equal to the inductive reactance, 
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and the Petersen coil is approximately tuned to resonance ; 
nevertheless, the jjoint of intersection P gives a resonance 
voltage which is barely 15 per cent higher than the normal 
phase voltage (2G20 V, vsee Fig. 61). In the second instance, 
the capacitive reactance is only half as large as in the first 
instance, so that the network is greatly under-compensated, 
and in this case three points of intersection obtain of which, 
however — as may be proved — point P^ does not provide a stable 
condition of oscillation. In the extreme case mentioned, which 
would hardly ever arise in service, the point of intersection P^ 
gives the maximum possible resonance voltage, which is 40 per 
cent higher than the normal phase voltage. This denotes that, 
under tlie most adverse circumstances, the network phases can 
assume a voltage to earth which exceeds the normal line volt- 
age by an amount tiiat is less than 40 ])cr cent. 

The following facts have also to be considered : The graphical 
method shown in Fig. 62 furnishes the amplitude of the 
fundamental wave of the resonance voltages occurring at the 
terminals of the Petersen coil. The voltage of the coil, how- 
ever, does not follow a sine curve in the presence of consider- 
able over-voltage, in fact, it runs much fiatter than the sine 
curve, as evidenced by Fig, 65, which shows the voltage 
curves of the Petersen coil resulting for tlie points of inter- 
section P and i ^3 of our example. It must, however, be ob- 
served that it is the ])eak value of the resonance voltage which 
determines tlie stress on the insulation, and that therefore 
this voltage is of particular interest. In the example given, 
the resonance voltage is about 20 per cent lower than, the 
amplitude of the fundamental wave. The crest value of the 
over-voltage due to resonance, given by the method of approxi- 
mation developed in Fig. 62, is therefore too high by this 
amount. Accordingly, in order to gain a true picture of the 
actual electrical stress on the insulation of the plant, the correct 
procedure would be to read off the magnitude of the over-voltage 
due to resonance not from the magnetization curve (drawn in 
full), but — as indicated in Fig. 62 — from the dotted curve of 
the voltages in question which are about 20 per cent lower. 
But this simply suggests that on full compensation, over- 
voltages due to resonance are ])ractically speaking of no conse- 
quence, and that, attributable to the influence of any exciting 
voltages, no higher voltages than those accompanying every 
ordinary earth fault can occur at the neutral point of the network, 
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and hence in the network phases. If the inductance can bo 
thus altered to such an extent by the saturation phenomena 
in the Petersen coil that considerable over-voltage cannot 
occur when the voltage augments, there can be no foundation 
for the charge occasionally raised that the saturation causes 
the inductance to vary so seriously, even during the usual 
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fluctuations of the network voltage, that the extinguishing 
effect is jeopardized. 

As may be established readily from an examination of the 
magnetization curve, the inductance does not vary more than 
it 5 per cent — a figure of no significance in service — at the 
maximum normal saturation of the iron core of about 15 000 
gauss and voltage fluctuations of it 10 per cent. Also, the 
greatest distortion of the current curve in the event of an 
earth, i.e. at maximum normal saturation, is only about 5 per 
cent, so that the assertion sometimes made that the residual 
current is materially augmented by the higher harmonics carries 
no weight. 
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In order to adapt the Petersen suppressor to the current to 
earth of the network, it is furnished with tappings which permit 
the current through the coil to be adjusted conveniently. 
Ordinarily, the tapping range is so selected that it is possible 
to regulate the current within a ratio of 1 : 2. However, the 
saturation of the iron core of the suppressor also alters, and it 
will be readily apparent that the corresponding alteration of 
the saturation in the case just mentioned remains within the 
limits 1 and 1*4, because, as is known, the inductance of a coil 
alters with the square of the number of turns, and accordingly 
the current varies inversely to the square root of the number 
of turns, and thus with the square of the saturation. 

If a much wider regulating range than 1 : 2 is required of 
the suppressor, recourse is had to designs with several separate 
magnetic circuits, in order to remain within the above- 
mentioned range of variation of the saturation of the iron. 

The maximum saturation of the iron core of the suppressor, 
which is chosen about 15 000 gauss at normal phase voltage, 
is based on Fig. 62, and the numerical results coupled therewith. 
However, in order to obtain the upper limit for those resonance 
over-voltages, which can arise when the saturation of the 
suppressor is at its lowest figure, i.e. at 10 500 gauss — again at 
normal phase voltage —it is merely necessary to plot anew the 
full and the broken magnetization curves in Fig. 62 in such a 
manner that the ordinates arc increased by 40 per cent and the 
abscissae simultaneously shortened in the ratio 1 : 1*4. If we 
were then to continue our plotting as necessary to ascertain 
the over-voltage due to resonance, it would be discovered, that 
when the Petersen arcing ground suppressor is correctly tuned, 
a voltage not exceeding the normal phase voltage by more 
than 40 per cent, can occur at the neutral point of the network. 
Moreover, it must be taken into account that this method 
ignores the influence of the ohmic resistance, which has the 
effect of lowering the over-voltage due to resonance ; further 
that a comparatively high exciting voltage E' was assumed, 
and that finally the point of intersection P lies lower when 
over-compensation exists, i.e. when the current of the Petersen 
suppressor is too high. However, as considerable capacitive 
dissymmetries (which produce resonance over- voltages) are 
usually due to the capacitance in one or two network phases 
being reduced by the blowing of single fuses, opening of single 
pole isolators, or fusing of one or two phase conductors, the 
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remainder of the system will, in such cases, be left over- 
compensated by the Petersen coil. From the moment when 
the exciting voltage E' is set up, i.e. from the commencement 
of the conditions responsible for the existence of this voltage, 
until the complete development of the resonance over-voltage, 
there is a definite time lag, inasmuch as an equalizing oscillation 
first develops whoso current and voltage amplitudes are 
opposed to those of the stationary condition of resonance. 
Accordingly, the over-voltage due to resonance first increases 
gradually up to its value, to that extent in which the equalizing 
oscillation decreases due to the damping effect. The increment 
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in the over-voltage due to resonan(?e occurs more slowly the 
lower the watt losses in the oscillatory circuit. In actual ser- 
vice, several cycles are required until the over-voltage due to 
resonance attains its full value. However, this implies that 
momentary dissymmetries in the capacitance of the line — as may 
result through the phases of three-phase isolating switches or 
circuit-breakers not being closed simultaneously — do not cause 
any appreciable voltage to be superimposed at the neutral point 
of the network, on account of their brief duration. 

There is only one instance in which the Petersen coil can 
be the cause of considerable over-voltage. In the network 
represented in Fig. 64, a two-phase earth leads to superimposi- 
tion of the voltage at the neutral point, whereby it may be 
assumed that in the most favourable case, 70 per cent of the 
phase voltage occurs between the neutral point of the network 
and earth. The short-circuit current across both earthed points 
has a phase displacement from the exciting voltage of about 
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40° to 60°, whereas the current consumed by the Petersen 
coil lags the impressed voltage by approximately 90°. Accord- 
ingly, there is a phase displacement of about 45° between 
the short-circuit current and the current traversing the sup- 
pressor, so that when the latter is ruptured at the instant at 
which the short-circuit current passes through zero, it still 
possesses an instantaneous value — measured as r.m.s. value — 
which approximates to 

I\ =0*7 sin 45° /o - 0*5 X Iq, 

where Iq is the current consumed by the Peterson coil at 
at phase voltage. The current in the coil having the 
instantaneous value so calculated, would have to flow through 
the short-circuit arc — which is much too long for it — after the 
short-circuit current is extinguished. As, however, this low 
current intensity is by no means sufficient to maintain the arc, 
the latter extinguishes suddenly, and therefore a rupturing 
voltage occurs at the Petersen coil. This voltage can be calcu- 
lated if it be considered that the suddenly released magnetic 
energy of the Petersen coil is stored in the form of electro- 
static energy in the capacity to earth {C in Fig. 64) of the 
transmission system remaining connected to the transformer 
after disconnecting the double-pole earth. The equation thus 
obtained is 

.... (13) 

whereby the over-voltage accompanying disconnection amounts 
to 

V,=^I\V{LIO) .... (13a) 

An example selected as representing a typical case will 
furnish a conception of the magnitude of the excess voltages 
to be anticipated. 

It is presupposed that a Petersen coil for a normal current 
rating of 100 A is installed in a 100-kV network, so that the 
equipment possesses an inductance of L — 2 henries. A two- 
phase earth, which gives rise to superimposed voltage at 
the neutral point amounting to 70 per cent of the normal 
phase voltage, is cut off, whereupon 15 miles of the line remain 
connected to the supply transformer. A three-phase line of 
this length possesses a capacity to earth of J//F, and 
with the aid of this assumption it is possible to compute the 
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over-voltage to be anticipated when rupturing the double-pole 
earth as 

Vc = 50v'[(2/i) X 10«] = 140 000 V. 

It will be recognized that the over-voltage remains within 
reasonable limits, despite the comparatively short section of 
the line still in service. Under practical conditions, and particu- 
larly in systems of lower voltages, the over-voltage caused by the 
coil in the event of a double earth fault is negligible. At the 
same time, the fact should not be ignored that two -phase earths 
are rare occurrences. The over-voltage in question is, moreover, 
rendered impossible if the Petersen coils are installed in the sub- 
stations of the network instead of in the main station ; because 
then the network voltage falls to such an extent on the occur- 
rence of a two -phase earth that the coil no longer carries any 
appreciable current. 

Application of Petersen Coils to Underground Cable 
Systems. The Petersen coil is also usefully applied in connec- 
tion with underground cable feeders, where almost every fault 
starts between a conductor and earth. Here, still more than 
on overhead lines, is a tendency of earth faults to develop into 
a short-circuit between phases, resulting in the burn-out of a 
considerable length of cable. Also earth currents, due to the 
high cable capacitance, are extremely heavy in underground 
feeders. Values of several hundreds or even thousands of 
amperes are quite common in large networks. 

By the action of the coil the current through an earth fault 
is reduced to a fraction of these values, but, in contrast to 
transient faults in overhead networks the residual fault current 
will not disappear ; still the fault need not be isolated at once, 
but may be allowed to remain in circuit for a little while, the 
duration of which is dependent on the value of the residual 
current and on the type of cable. Modern cables with separate 
metal sheaths over each conductor permit the residual earth 
current to persist for one hour and more before developing into a 
multi-phase short-circuit. This gain of time is most valuable, as 
it allows the switching operations for the isolation of the faulty 
section to be carried out without undue hurry. 

Though, in view of the heavy earth currents, the cost of 
Petersen coils for underground cable feeders or networks is con- 
siderable, their installation is rapidly becoming general practice, 
particularly in connection with cables for the highest voltages. 



85 


Chap. VI] H.T. FEEDER PROTECTION 

Tuning of Petersen Coils. In overhead systems, as has 
been mentioned before, the tuning of the coil need not be very 
accurate. It is, therefore, usually sufficient to select the proper 
tapping by means of a scale giving the earth current for each 
line section actually in operation. 

For underground cables this method would be inadequate. 
In view of the high value of capacity current, it is essential to 
keep the fault current down to a minimum. For this purpose 
a special instrument, the compensometer,'^ has been developed 
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which indicates the amount of under- or over- compensation at 
any time. This instrument measures the line reactance directly, 
thus taking into account the variation of capacity due to 
switching operations or other causes. The use of a compenso- 
meter is particularly advantageous where a number of Petersen 
coils are connected to one network, since thereby each coil 
can always be tuned in such a way as to give full compensation 
in co-operation with the others. 

Fig. 65 shows the connection of a compensometer to an 
underground cable system. The instrument itself is energized 
by the neutral voltage and the current in the neutral circuit. 
In order to make the measurement independent of incidental 
influences, a constant voltage of, say, 10 per cent of the phase 
voltage is imposed by means of an auxiliary transformer. 

* See Bibliography No. 23. 
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According to equation (6) the combined capacitance of a 
symmetrical three-phase system may be replaced by an 
imaginary capacitance of With one or several Petersen 

coils (having a combined inductance Lj,) in circuit, the resulting 
reactance of the earth circuit 

^ 277/ X 30,;,- l/[27r/ X L,] • • 

is a direct measurement for the wattless component of the 
residual earth current 

I.x = (16) 

This wattless current is zero when equation (8) is satisfied, 
i.e. when the system is correctly compensated. The scale of 
the instrument is calibrated for the current 1^,^ indicates 
whether the current is leading or lagging. 

In very extensive overhead systems the use of a compensometer 
is also desirable. In this case, the potential between the neutral 
and eartli would bo substantially infiuenced by the capacitance 
of the three phases being unbalanced. Instead of an auxiliary 
transformer an auxihary alternator is therefore used, with a 
frequency different from that of the main circuit. The auxiliary 
alternator requires protection from being damaged by the high 
neutral voltage appearmg on its terminals in the event of an 
earth fault. For this purpose a protective coil (which may be 
one of the Petersen coils) is inserted. As soon as a fault occurs, 
the auxihary alternator is short-circuited and stopped. 

Fig. 66 shows the comjfiete connections of a compensometer 
equipment for a 100-kV overhead system. In this case the 
voltage in the auxiliary circuit is 6 kV, and the auxiliary 
alternator G is not connected directly, but through an 
auxiliary transformer Tr which is protected by the Petersen 
coil PC, The required outj^ut of the auxiliary alternator is 
approximately 1 per cent of the earth fault energy, i.e. under 
normal conditions between 1 and 100 kVA. 

Earth Leakage Protection. Unless a Petersen coil is used, 
high steep-fronted surges may be caused on a system with 
insulated neutral by an intermittent arc to earth. If the neutral 
is sohdly earthed, no such excess voltages can be set up, but in 
that case every single earth fault short-circuits one phase of 
the system, and this short-circuit threatens to spread quickly 
to other phases. In both cases the faulty line section must be 
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cleared as rapidly as possible. This task is performed by an 
earth leakage relay. Even in a system protected by a Petersen 
coil, the use of earth relays is advisable, in order to indicate 
in which section an earth fault has occurred, or prevails. 

Earth relays may be operated — 

(a) By the voltage between the faulty conductor and 
earth, which is greatly reduced in the event of an earth 
fault ; 

(b) By the voltage between a healthy conductor and earth, 
which is increased up to \/3 times its normal value ; 

(c) By the voltage between the neutral and earth, which 
is nil under normal, but up to phase voltage under fault 
conditions ; 

(d) By the earth current, or out-of-balance current in the 
mutual secondary circuit of three current transformers. 

Methods (b) and (c) are only applicable on systems with 
insulated neutral. Where a Petersen coil is installed, the 
current through it, which is equal, though in phase opposition 
to the leading current, may be taken as a direct indication of 
an earth fault. Petersen coils are also j^rovided with a secondary 
voltage winding (see Fig. 57), which may be used for indicating 
or recording purposes. 

Split Conductor System. For use on systems with solidly 
earthed neutral, the split conductor system is another efficient 
means of earth leakage protection. This well-known system 
requires each feeder, including the contacts of connecting 
circuit-breakers, to consist of two halves slightly insulated 
from each other. Later modifications permit the use of standard 
single contact circuit-breakers. One of them, the Pfannkuch 
system, which is also applicable to ring main feeder sections, 
will be dealt with in Chapter VII. 

Lightning. Overhead transmission lines are exposed to direct 
interference through atmospherically induced voltages, either 
by induction or by being directly struck by lightning. Both 
causes lead to a temporary increase of line potential often far 
in excess of the impulse flash-over voltage of line insulators. 
The number of occasions on which conductors are directly 
struck can be greatly reduced by the installation of earth wires 
and the suitable arrangement of the conductors. Statistical 
records suggest that an arrangement with all conductors in 
one plane (Fig. 67), and with one earth w'ire above each circuit, 
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presents the highest safety from lightning trouble. Such an 
arrangement, combined with the use of hinged brackets, inci- 
dentally also gives the greatest safety against the risk of two 
wires touching each other, and imposes the least stress on the 
suspension towers in the event of one or several conductors 
breaking. 

So-called backward flash-overs from a struck tower to one 



07. Arrangement of Conductors in One Plane 
{A.EAD 

or several conductors are safely averted by means of effective 
earthing of all steel towers.* The footing resistance may be 
reduced by copper cables buried in the soil, either along the 
line or in a radial direction. If, by such means, the footing 
resistance of each tower is reduced to a sufficiently low valuef 
and an earth wire is installed above each circuit, a line may 
be considered reasonably proof against lightning trouble. 

Direct strokes of lightning on to steel towers are thus made 
harmless. Occasional damage to wooden poles, however, can 
hardly be averted. 

* See Bibliography Nos. 48 and 53. 
t See Bibliography No. 63, p. 260, 


7~(T.24) 



90 


PROTECTION OF ELECTRIC PLANT [Chaj). VI 


Direct strokes on to a conductor with voltages of many 
millions are immediately transformed into surges travelling in 
both directions with nearly the velocity of light. Almost 
immediately the crest of the surge is reduced to the corona 
voltage. Within about the same time a flash-over to earth 
occurs on a weak spot, i.e. as a rule across an insulator, where 
earthed parts are nearest to the conductor. Arcing horns or 
rings are not a sufficient safeguard against the enormous energy 
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discharged in such an event. It must be noted that it is very 
often not the discharge of the excess voltage itself which 
destroys the insulator, but the o})erating current following 
through the ionized arc path. In the U.S.A. so-called expulsion 
protective gaps have been tried out with some success. Their 
object is merely to prevent destruction of an insulator by a 
flash-over arc. Fig. 6S shows the design of an expulsion gap, 
and the way it is mounted on a pole. While such gaps are 
only applicable on systems with eartlied neutral, the same 
object is achieved in a system with insulated neutral by a 
Petersen coil. 

The expulsion protective gap consists of a fibre tube with 
one end closed and the other open. The internal flash-over 
voltage is made lower than the external by having an electrode 
at one end juojecting into the tube, and a tubular electrode 
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at the discharge end. I'he Hash -over voltage of the complete 
unit is less than that of the string of insulators which it is 
to protect. 

Each size of ex})ulsion gap has a limited range of rupturing 
capacity. If the j)owcr current following the discharge is 
smaller than the minimum rating, tlie expulsion action is not 
sufficient to extinguish the arc. 

On the other hand, an excessive 
current is liable to burst the 
tube through the high pressure 
generated. If the correct size is 
employed, the arc is usually ex- 
tinguished w ithin one or two half 
cycles. Frequent operation causes 
erosion of tlie inside of the tube 
and thus raises the minimum 
rating. 

On its further travel along the 
line, the energy of a surge is 
gradually attenuated by the re- 
sistance and leakage of the line. 

The surge does not constitute a 
further menace until it reaches 
a station ; means to j)rotect trans- 
formers and switchgear have been 
indicated in the jueceding chapter. 

Excess Current. The oldest 
means of protection is the fuse. 

Its well-known disadvantages are the necessity for replacement 
following every operation ; the inaccuracy of the fusing current 
under persistent overload ; and the interruption of only one 
phase in case of earth faidts. Nevertheless, the fuse has 
retained, and always will have, a wide field of application. 
With the progress of rural electrification, this field is even 
growing. Fuse designs have been greatly improved, and their 
performance under heavy short-circuits is sometimes even 
superior to that of circuit-breakers (see pp. 5(3 58). 

Fig. 69 illustrates a modern 1 l-kV switch-fuse. The pressure 
in the small open explosion pots is caused by evaporation of a 
liquid or, preferably, of material from the wall of the pot.* 

In the event of a short-circuit in apparatus connected to a 

* K.T.Z., 1935, p. 1189. 
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feeder comprising several sections, it is, of course, not desirable 
that the entire feeder should be disconnected on this account. 
It is, therefore, necessary to provide such time grading of fuses 
or excess current relays, that the least possible length of line 
is affected by the unavoidable interruption. In the case of 
relays, this is achieved by a graded time protection, with time 
lags increasing towards the supply end. The two fundamental 
systems using a definite time lag or a time lag inversely vary- 
ing with the fault current, with a definite minimum time, 
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and their respective merits are general knowledge. Their 
common disadvantage is the fact that the heaviest faults, i.e. 
those nearest to the supply end, are dealt witli by relays 
having the liighest time setting. Where the output of genera- 
tors feeding into the line varies within wide limits, the definite 
minimum time lag may also be excessive at times of light load, 
in particular when a fault occurs near the supply end. This 
time lag may lead to alternators or motors being thrown out 
of synchronism. 

In order to achieve short releasing times under all circum- 
stances, excess current relays with two or three definite time 
steps have recently been gaining favour abroad.* Their prin- 
ciple is illustrated by Fig. 70. If the adjusted current limit is 
exceeded, a multi-step time switch c is set in motion, by means 
of the coil 6 opening its contact /. 

* See Bibliography No. 28. 
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If the fault current is very heavy, contact b' closes and as 
soon as the contact 1 of the time element short-circuits the 
winding A, the magnetic balance of the system g is disturbed, 
contact/' is opened and the circuit -breaker trips. With smaller 
fault currents contact b' does not close, and the relay cannot 
operate until contact 2 of the time element does close. 

Fig. 71 illustrates an example of feeder protection by relays 
with two definite time steps in stations a and 6, and with 
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single-step relays at c. In the case of three-phase short-circuits 
occurring anywhere on the line, which arc not accompanied by 
a noticeable voltage drop at «, the respective short-circuit 
currents would be indicated by the curve. For instance, a 
three-phase short-circuit on the right of, and not far from 
station b will cause a fault current of 1400 A. With a current 
transformer ratio of 150/5 this is equivalent to a relay current 
of about 47 A. In the instance of the coils b' (Fig. 70) in 
stations a and b being set to close their contacts when the 
current exceeds 60 A and 29 A respectively, relays at b will 
operate in the minimum time, whereas at a the contacts 6' 
will not be closed, and these relays will not operate unless 
relays at b fail. 
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A certain overlap is required in view of the fact that short- 
circuit currents may vary to a (jcrtain extent. In the event of 
two-phase short-circuits, currents are about 13*3 per cent 
lower,* and the amount of overlap is then accordingly higher. 

If the supply voltage at a drops, fault currents are further 
reduced and the overla|) increases, i.e. point m moves towards 
a, and n towards h. In view of the lower currents, such faults 
are not dangerous, so that the increased time lag (up to 1-5 

seconds in Fig. 71) is then permis- 
sible. Fig. 72 is an illustration of a 
relay with three adjustable time 
steps, designed on this new and 
[)r()mising principle. 

Tkks. The practice of teeing the 
sup])ly to groups of small consumers 
oft* main feeders is increasing with 
the growth of rural electrification. 
It is necessary to apply protective 
systems which are not too costly, 
and which do not cause the discon- 
nection of the main feeder in the 
event of a fault on the tee. Here is 
a field of application for high power 
fuses as they are now available up 
to the liighest voltages. (See p. 5(5.) 

I^AKALLKr. Fkkdkrs. Special at- 
tention must be ])aid to the method 
used for the protection of several feeders joined together at 
both ends. In this case the automatic gear, besides complying 
with all requirements of single feeder protection, must isolate 
only the one feeder on which the fault has actually occurred, 
without impairing the of)eration of others. 

As long as conditions are normal, a certain ratio prevails 
between the currents in individual feeders. Through the occur- 
rence of a fault in one of them, the ratio is altered. A differential 
system is clearly indicated for protection. Several varieties are 
applicable. 

An example is shown in Fig. 73. All the current transformers 
have the same secondary current i, which circulates in the 
current transformer circuit. A fault in one feeder causes a 
larger flow of current i -j- Ai in the appropriate current trans- 
* See Chapter I, p. 2. 





Fig. 72. Thukf.-sti:p Timh 
Relay 
iA.K.a.) 
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former; hence, as may be seen from Fig. 73, a current Ai 
passes through two of the relays. The isolation of the faulty 
feeder is obtained by suitable connection of their contacts. 
Differential current relays are used ; these are as a rule fitted 



Fig. 73. Circglatini; ('grkknt Protkgtton for Parallel Fkeders 
II A' r.iult 

with biasing devices (see Chapter I IF) and may be of various 
designs. 

Another variety of differential protection for parallel feeders 
is represented in Fig. 74. In this case, relays of the balanced 
or biased type must be employed; Fig. 74 shows the connec- 
tions for beam relays. ITnder normal conditions, the secondary 



O.C. operating roil U.C. — Restraint <-oil A' - I'anlf 

current i of each current transformer (‘irculates tlirough both 
coils of the appropriate relay. When a fault occurs in one of the 
feeders, the additional current Ai Hows through the operating 
coil of the appropriate relay, causing its operation, and returns 
through all the restraint coils. 

If two or three parallel feeders are fed from one end only, 
the above system is not satisfactory, in particular when the fault 
occurs near the remote end, and the fault currents in the two 
feeders are almost equal. The use of dhectional (reverse power) 
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relays is then necessary at the remote end. In order to render 
these reverse power relays operative, even when the reverse 
fault current is offset by forward load current, and to prevent 
faulty operation due to simultaneous momentary reverse current 
surges in all the parallel feeders, circulating current connections 
are applied (Fig. 75). Another directional and highly sensitive 
protective system makes use of a wattmeter relay, with its two 
coils so connected that one of them receives the sum, the other 

the difference of the two cur- 
rents. The relay therefore is 
energized by 

(h + ^‘ 2 ) (h - h) 

, (16) 

i.e. by the difference of the 
squares of the currents. This 
system is universally ap])lic- 

Fig. 75 . Differential Reverse both ends, with feeders 

MOTE End of Parallel Feeders from one or two ends. 

{" Automutic Proiertive dear" -Henderson) WiierC tWO lillCS or cirCUit?^ 

with insulated neutral are run- 
ning parallel over an appreciable length, an earth fault on tlie 
one leads to an induced unbalance in the other. In such cases 
it is necessary to eliminate the undesired interference by 
installing, in addition to the Petersen coil, suitable balancing 
coils also.* 

Temperature Control. The setting of protective relays is 
normally determined by the “rated” current of conductors. 
The rating is based on the rise of temperature above a specified 
maximum temperature of the ambient air or soil. This method 
of rating is generally applicable, and is easily complied with, 
but it results in very incomplete utilization of the active 
material. If, for instance, the ambient temperature happens to 
be very low% the actual temperature of a conductor will be 
much below the permissible maximum, even when loaded with 
the highest permissible current. 

In fact, the permissible load limit is not related to tempera- 
ture rise at all, but is determined by the temperature which 
the conductor actually reaches, provided, of course, that no 
lower limit is imposed by other considerations. The permissible 
loading from a thermal point of view varies according to th^ 

* See Bibliography No. 22. 
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temperature, humidity and other circumstances. Direct 
measurement of conductor temperature is, therefore, a most 
valuable means of increasing the efficiency and reliability of 



Fig. 7(>. Caulk with Auxiiaauv Whies foh 
Trmpeuatuke Control 


{A.E.a.) 


operation. By adjusting relay settings to the external condi- 
tions prevailing at any time, the premature disconnection of 
important feeders, such as coupling lines between two main 
power stations, can often be averted. 

In the case of underground cables, the means for accom- 
plishing this important improvement are two auxiliary wires 
in a short length of cable (Fig. 76), connected by a small 
transformer to a suitable recording or indicating instrument. 


CHAPTER VII 

H.T, RING MAINS 


The selective protection of feeder sections forming part of a 
ring main system is one of the most important, and at the same 
time difficult, problems. The ideal solution would be a system 
without pilot wires or other means of communication between 
the two ends of the protected section, operating instantane- 
ously in case of a fault anywhere within, and with a graded 
time lag in case of faults outside the section. The principal 

schemes that have been devel- 
oped for this purpose are des- 
cribed below ; it will be seen 
that a completely satisfactory 
solution is still lacking, though 
several modern systems very 
closely approach the ideal. 

Split Conductor Systems for 
Underground Cable Networks. 
In its original form,* the split 
conductor system is not applic- 
able to ring main systems ; it 
has the further disadvantage 
of requiring expensive six- 
phase cables and circuit- 
breakers with split contacts. 
Also, the original system does not respond in the event of a 
breakdown of the insulation between two splits. 

All these disadvantages are eliminated in the Pfannkuch 
system of cable protection. The Phinnkuch cable (Fig. 77) 
clifFers from a standard three-core cable only in that half the 
strands of the outermost layer of each conductor are slightly 
insulated from the remainder. The outer layer of each con- 
ductor thus consists of bare strands, alternating with insulated 
ones. These insulated strands share in the transmission 
of the main current, but a small auxiliary voltage is also 
maintained between them. For this purpose they are connected 
in such a way as to form two groups. Originally, the auxiliary 

* Soo p. 88. 
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Fig. 77 . Cross-seotton Thuough 
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voltage was derived from special current transformers, but in 
order to make the system operative on unloaded cables, 
preference was given in later schemes to a constant voltage 
from auxiliary or potential transformers. Where the reactance 
of the protected cable section is comparatively low, the 
auxiliary voltage may be taken from both ends of a line 
section (Fig. 78); where the reactance is high, the two aux- 
iliary voltages will differ from each other to such an extent as 
to cause faulty operation in the event of a fault external to the 
protected section. Therefore, an improved scheme has been 
developed with auxiliary voltage supply from one end only. 



Fig. 78. Principle of Pfannkuch Protection 

(Aiixiliary voltage sui)i)lie(l to both ends) 


In both cases any slight fault current to earth, or between 
phases, will carbonize the insulation of the insulated strands, 
and thus create a path of low resistance for auxiliary current 
to circulate between neighbouring insulated strands. This 
current is carried through suitable alarm and tripping relays. 
The system avoids special contacts on circuit-breakers, but 
requires triple isolators in each phase. Since every fault is 
detected and indicated in its initial stage, and a heavy fault 
leads to instantaneous and selective disconnection ; since 
further no pilot wires are required and the extra cost of a 
Pfannkuch cable over standard cable is negligible, this system 
of protection is the most perfect available for underground 
cables. 

The small disadvantage of having to use special isolators will 
not carry much weight. More important is the fact that the 
system leaves the bus-bars between cable sections unprotected. 
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It is, however, comparatively easy to provide an additional 
secondary winding for the connection of circulating current 
relays on each of the Pfannkuch auxiliary transformers ; 
incidentally these transformers may be of the bushing type. 

The complete connections of a system with auxiliary voltage 
feeding from both ends are shown in Fig. 79. The relays used 



Fig. 79 . Complete Diagram of Pfannkuch Protection 
With auxiliary voltage supplifMl from botli ends 

A,B Stations 0 -- Indicat in^^ lamp s\s itcli 

U -= High tension 10 -- Alarm lamp 

N-= Low tension 11 Indicating lamp 

1 — Insulated strands 12 Series resistance 

2 Main core 12 Circuit-breaker trij) coil 

2 - Isolator 14 ^ Bridging cotidensers 

4 H.T. secondary of protective trails- 15 - Ammeter 

former a, 0, c, (l,e Relay contacts 

5 Primary winding of iirotective irans- Aj, F, W -- H.T. terminals of protective 

former tran.sformer 

6 Wattmeter system /p L.T. terminals of protective 

7 - Current switch tninsformer 

8 Potential switch 

(A.FJJ.) 


are of the wattmeter type and have five contacts {a to e in 
Fig. 79), controlling respectively an alarm circuit, the change- 
over of auxiliary transformer and relay connections, and the 
tripping circuit. A sixth contact supervises the losses of the 
auxiliary transformer and operates the relay in case of an 
internal fault. 

The two groups of insulated strands are connected to two 
equal coils (4) on the auxiliary transformer, opposing each other, 
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so that under normal conditions the magnitude of the current 
has no influence on the flux in the core. When a fault upsets 
the balance between the two coils, or in case of an internal 
fault in the auxiliary transformer, the relay operates, thereby 
closing contact b and opening a. Thus alarm is given, and at 
the same time the auxiliary voltage is reduced to about 



With auxiliary voltage supjjlied from one end, with earth leakage K25li 

indication at the remote end 

I) = Insulated strands Wit = Alarm coil of protective relay 

H = Main core E - Earth leakage indicating relay 

/'’ = Fault - Twin contacts of earth leakage 

KW- Trotective transformer indicating relay 

1V| 1^2 - L.T. Windings of protective trans- R ^ Series resistances 

former 1 Current switch 

KR -= Protective relay 2 Ammeter 

a, ft, e Contacts in a.c. circuit = Potential sMitch 

c,d - Contacts in d.c. circuit 4 Signalling lamp 

AR -- Tripjiing coil of protective relay 

(A.E.a.) 

60 per cent of its full value; this reduction is due to the 
disconnection of winding Incidentally, it may be men- 

tioned that the voltage supplied to each relay is that between 
the two otlier pluises, so that operation is ensured even with 
a dead short in the immediate neighbourhood. The sudden 
reduction of voltage also reduces the load on the wattmeter 
relay. Thus, the relay returns into its normal position and is 
ready for a second operation, which actually occurs wiien the 
fault develops further. This time, contacts c, d and e are 
operated, and the circuit-breaker trips. 

The improved scheme referred to before, for use on cable 
sections of high reactance, where a considerable voltage drop 
might appear between the two ends, is represented in Fig. 

80. Here the auxiliary voltage is injected only from one 
(in Fig. 80, the left) end. At this end the connections are 
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similar to those of Fig. 79. The main difference is that the 
auxiliary voltage is not a three-phase system, but the same 
single-phase voltage is supplied to the insulated strands of all 
three phases. On the remote end, the wattmeter relays are not 
duplicated; a three-phase earth relay E is provided instead. 
When one of the wattmeter relays (say that in pluise 1) operates 
for the first time, its selector contact is swit(;hed over from a 
to b ; thus, the voltage between the two groups of insulated 
strands I) is reduced in that phase, and the phases I and III 
of the earth relay operate, closing their contacts j\ and 
Thereby the alarm circuit is energized, and the selector 
contacts in pliase I are transferred from a to b and from d 
to c. Thus, balance is restored in the earth relay circuit, so 
that contacts j\ and /g return to the open j)osition. A second 
operation follows if the fault develops further, this time causing 
the breakers at both ends to trip. 

The sensitivity of the system can be further improved by 
means of a small inductance connected in parallel with the 
voltage path of the wattmeter relay. This coil compensates the 
influence of the no-load losses of protective transformers. 

All varieties of Pfannkuch protection arc applicable to sys- 
tems with earthed or insulated neutral. In systems protected 
by a Petersen coil the fault current to earth is suf^pressed 
by the action of the coil. In this case, however, the initial 
short kick of earth current may be and usually is sufficient to 
create a slightly carbonized path between the insulated and 
the bare outer strands, so that the relays indicate the location 
of the fault, without causing an unnecessary interruption. 

Pilot Wire Systems of Protection. As long as ring mains 
or interconnected h.t. networks cover a comparatively small 
area, pilot wire systems may be used for their protection. 

Opposed-Voltagk Differential Systems. The original 
Merz-Price scheme (Fig. Si) suffers from one great drawback, 
apart from the necessity of using pilot wires, namely, that 
expensive balanced current transformers must be employed. 
Even so, the resulting sensitivity remains rather poor. Further- 
more, there is a tendency for the relays to operate on capacity 
current flowing in the pilot wires. 

The outcome of endeavours to liberate the opposed voltage 
system from its inherent disadvantages is that a number of 
improved varieties are now available*. The application of 

* For full particulars see Bibliography Nos. 3 to 5. 



i/.T. RING MAINS 


103 


Chap, VIl] 

sheathed pilots is one means of overcoming, to a certain degree, 
the difficulties due to capacity currents. Highly sensitive 
relays have been designed, and their action on through fault 


RELAYS RELAYS 



Fig. si. Merz-Prtce Opposed Voltage System 

O' Protertire dear " ( Henderson )) 

currents is prevented by instantaneous-acting diverter relays. 
The introduction of static bias by means of biasing trans- 
formers makes it possible to obtain satisfactory operation with 
normal relays and witli ordinary pilot wires. Another more 



Fig. 82 . “Thanslay” Protective System 
(MetrovoUtan-Vickers Electrical Co.) 


recent modification of the opposed- voltage principle is the 
‘‘Translay” protective system (Fig. 82). In this case, an 
induction type relay is employed. The relay has two magnetic 
circuits, the upper having three windings, two primaries and 
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one secondary. One of the primary windings is connected 
across two current transformers and acts in case of a multi- 
phase short-circuit. The second primary is connected between 
the centre-point of the first primary and the star point of the 
three current transformers. The secondary winding on the 
upper, and the winding on the lower magnetic circuit are 
connected to the pilots, and act as opposed-voltage trans- 
formers. In a relay of this type, capacity current in the pilot 
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Fio. 83. McColl Biaskd Circulating Current Protective 
System 

(“ AuUmitic Protp -tire (J.’ar ” {Hewlermu) ) 


wire causes backward rotation of the disc, and cannot lead to 
faulty operation. The system is suitable for use with bushing 
type current transformers. 

CJirculating Current Differential Systems. Another successful 
differential system for the protection of ring mains operates 
on the circulating current principle. Its advantage over 
opposed-voltage systems lies in the fact that it is not rendered 
inoperative in the event of breakage of a pilot wire. Though 
operation may, in such a case, be caused by a through fault, 
this is usually considered preferable to non-operation and the 
false sense of security which would arise, were opposed- 
voltage gear used. An example of a McColl biased circulating 
current system is illustrated in Fig. 83. The relays here 
employed are of the biased beam type ; they are connected to 
ordinary bushing type current transformers and resistances. 
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As distinct from the original circulating current system, there 
are no equipotential points. Circulating current passes through 
the restraining coils ; the operating coils and resistances are 
star-connected. If the ohmic value of each resistance is made 
equal to that of a relay coil and half of one pilot wire, the 
same amount of circulating current would also flow through 
the operating coils. The actions of the two coils on each 
relay balance each other, and the beam is kept in its normal 



Fig. 81 . Ditu:cti()nal J^al.ance System for Lines Energised 
FROM One or Both Ends 

.4/a, mb - Excoss-ciirrcnt starting cU'mciits El(\ ^ Tripping element 

Q/q - -- Direetionu! element S — Keaistanee 

Q' ^ Jlolding foil 


position by the mechanical bias. A fault on the feeder upsets 
the balance, and causes operation. 

Directional Balance Protection. A more recent pilot wire 
protective system avoiding the use of balanced current trans- 
formers, is the directional balance system. Its principle is 
illustrated by Fig. 84. At each end of a line section, a direc- 
tional relay (Q/q) is combined with an excess current, an under- 
voltage, or an under-impedance relay, and the two directional 
contacts are connected in series over the pilot wire and the 
releasing coils. The two directional relays respond in the event 
of energy flowing away from their respective bus-bars, so that 
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only the two circuit -breakers protecting the faulty section are 
tripped. This system is only applicable where the protected 
section is, under all circumstances, fed from both ends. 

In order to make a similar system operative at times when 
the section is only fed from one end, change-over contacts 
(a/6* in Fig. 84) are provided in addition to the potential 
contacts a and 6 which are actuated by the same excess 



Fig. 85. Directional I^alance System Extending Protection 
TO THE Bus- BARS 

Ala, Bjb = E\c(“<s-curn rit starting plcmnit.s Eje = Tripping ('lonirnt 

Qf(j Dirociional oloinrnt S Hosistaiu'o 

Q' Holding coil Zjz - 'J'ime relay 

current coils {A and R). If a fault occurs within the section 
the relay at the remote end will not be energized at all, and 
its contact a/6 remains in the position shown, so that the two 
tripping elements E are energized from one of the batteries. 

The system descril)ed is still imperfect due to the fact that it 
leaves the bus-bars unprotected, and also the relays of neigh- 
bouring sections do not act so as to back each other up. 
Hence additional back-up relays of the excess-current type 
would appear to be necessary ; but the difficulty can be overcome 
by means of simple time relays {Z in Fig. 85), and by providing 

* A contact marked thus, a/6, operates when either of the corresponding 
coils {A or B) is energized. 
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two separate contacts (ajb^ and a^jb^) instead of a change-over 
contact. In the event of a fault outside the section, the 
directional relay Q nearest to the fault does not respond and 
the tripping elements E are not energized ; on the other hand 
both time elements Z arc set in motion, and after their time 
lag has elapsed, one of the elements E trips its circuit-breaker. 

This system of selective line protection is distinguished by 
the use of simple relays and connections. On the other hand, 
it has the disadvantage (in common with differential protec- 
tion) of being dependent on pilot wires, wliereby its applica- 
tion is limited to short (bstances. As distance increases this 
disadvantage becomes prohibitive, unless a connection by carrier 
current transmission is established over the power line itself. 

Systems Without Pilot Wires. For use on extensive networks 
other means had to be sought to achieve equally selective 
isolation of a fault, without the use of pilot wires, with a system 
not excluding protection against faults on, or near to bus-bars, 
and not requiring an additional emergency protection. 

In contrast to open feeders or simple rings, in extensive ring 
mains or in interconnected networks tlie excess-current alone 
cannot be used as a criterion for selective disconnection, as 
the current may ])ass through a substation in either direction, 
dependent upon the position of the fault, wherefore the 
desirable grading varies. 

A combination of excess current time relays and senvsitive 
directional relays is suitable for simple rings with one feeding 
point. The excess current time relays normally used for this 
purpose are of the “inverse time lag, with definite minimum 
time” type. Their releasing time depends on the short-circuit 
current and may be excessive where the short-circuit current is 
comparatively low. Also, the highest minimum setting is 
required just where the fault currents are highest, i.e. nearest 
to the ])()int of feed. It is, therefore, advisable to use instead 
excess current relays with two or three definite time steps, a 
description of which will be found in Chapter VI on pages 92-94. 

A more appropriate criterion for a suitable time grading 
would be the voltage, as this is of course lowest at the fault, 
and increases towards the ])ower station. Under-voltage relays 
are, however, non -directional, so that the relays at both sides of 
bus-bars in a ring main substation would operate simultan- 
eously, thus isolating not only the faulty line, but also the 
bus-bars of neighbouring substations, and all apparatus 
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connected to them. If such relays are given a directional 
bias, so as to operate only when the flow of energy is directed 
away from the bus-bars, the desired properties are achieved; 
directional under-voltage relays alone, however, are unable to 
afford protection against overload, which is often not accom- 
panied by a sufficient drop of voltage. The complete solution 
of the problem is therefore achieved by using directional under- 
voltage relays combined with an excess current element. 

Distance Protection. The foregoing considerations have led 
to the design of relays which {a) are started under certain fault 
conditions [starting element ) ; (b) operate only when the flow of 
energy is directed away from the bus-bars (directional element, 
which may be combined into one with the time element) ; and 
(c) operate with selective time characteristics [time element). 

The higher the fault current and the lower the voltage on the 
relay terminals, the shorter must the time lag be. 

If t denotes the operating time of the relay ; 

If the fault current ; 

Vf the voltage in a station under fault conditions ; and 
c a constant, 

the relay must operate in accordance with the equation 

X (Vfllf) . . . (17), 

where F// If = Zf, 

the impedance of the circuit between the relay and the fault. 
This “fault imj}edance” Zf is proportionate to the distance 
between relay and fault ; therefore, relays of this type are also 
called distance relays. This term comprises impedance relays 
(with a releasing time t ~ c x Zf), reactance relays (with a 
releasing time t = c x Zf sin ^), and resistance relays (^ = c 
X Zf cos <j>). 

In the event of a metallic short-circuit, i.e. a fault having 
no ohmic resistance due to the presence of an arc or from other 
sources, all three systems would be equally satisfactory. 
This is practically the case on systems up to about 33 kV and 
with short-circuit currents exceeding about 100 A. Under such 
conditions the arc resistance is negligible except, of course, in 
connection with resistance relays. 

Above 33 kV, the influence of the arc resistance becomes 
noticeable, particularly when the fault current is low, as may 
be the case during light load periods, when comparatively few 
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machines are feeding into the transmission system. In this 
case the operating time of an impedance relay may be unduly 
increased by say 0*5 or 1 sec. A resistance relay would be 
entirely unsuitable for such an application, whereas the 
reactance relay possesses an ideal characteristic, as it elimin- 
ates the ohmic component entirely. However, the high cost 
of reactance relays limits their application. Suitable means 
are available for the compensation of the additional arc 
resistance, in connection with impedance relays. The total 
number of distance relays now actually installed may well 
approach 50 000. 

Performance of Distance Relays under Various 

Types of Fault 

(a) Single-phase Earth (Fig. 86). This type of fault is the 
most frequent disturbance occurring in practice. In a system 


R 



by Petersen cotL 

Fig. 8(). Singlr-piiasr Earth Fault 

with the neutral earthed through a Petersen coil it is rendered 
harmless by the action of the coil which suppresses the fault 
current, so that distance relays need not and do not respond. 
If, however, the neutral is solidly earthed, a single-phase 
earth short-circuits one phase of a star-connected winding, 
and in consequence the impedance Z} of the loop consisting of 
a line conductor, the fault and the earth return back to the 
relay (neglecting the arc resistance) will be 

X (1 + A^)* . . (18) 

* The symbols ^ and t are used to indicate a “vectorial sum” or 
“ vectorial difference.” 
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The corresponding “secondary impedance” is 

z}=kx Z}=^kxZiX (I + K) . . (ISa) 

In these equations, 

Zi denotes the impedance of a hue conductor between 
current transformer and fault, the “phase impedance,” 
Zj^, the impedance of tlie earth return, 

K — Zf/Zi, and 

k is the ratio of transformation, i.e. the ratio of the current 
transformer divided by the ratio of the voltage trans- 
former. 

With a phase voltage the current in the faulty loop is 

J} V,nlZ} - V,,I\Z, X (1 + A^)J . (19) 

and thus a relay connected to phase voltage will record the 
correct phase impedance (i.e. the value determining the 
distance) if the current path is energized by J} x (1 + K). 



Voltage Diagram, 

Fig. S7. Two-phase Shout Ciucitit 

The value of K is difficult to determine ; also it is not 
constant, but subject to fluctuations in accordance with vary- 
ing conditions of the soil. Unless excef)tional accuracy is 
required it is therefore usual to introduce the following simpli- 
fication. 

The earth resistance at 50 cycles is about 0 05 to 0-1 12 per 
mile, and the reactance of the loop conductor-fault-earth 
is practically equal to that of a loop conductor-fault-con- 
ductor. The resulting loop impedance is not much different 
from that of a loop conductor-fault-conductor. The latter is 
therefore substituted ; in other words it is assumed that K 
— I ov Zi Zj,, From this follows — 

z} ^ 2 X k X Zi . , . (20) 

{b) Two-Phase Short (Fig. 87). The effect of this type of 
fault is the same whatever the method of earthing the neutral. 
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The secondary impedance of the loop conductor-fault-con- 
ductor is 

zY - A: X Z)^ ^ k X {VIl) =^2xkx . (21) 

The resulting loop impedance is thus practically the same 
as in the event of a single-phase short. 

It will be noted that in this instance the line voltage V (or 
the corresponding secondary voltage v), must be applied to the 
voltage system of tlie relay, instead of the phase voltage 
V (or The current path carries tlie line current. 

(c) Three-Phase Short (Fig. H>). In this case the three fault 
current vectors and Z^ have different angular positions, 



Voltage Diagram 

Fig. 88. Three-phase Short Circuit 


SO that the two phase impedances Z^^ and Z,, of a loop con- 
ductor 1 -fault-conductor 2, must be added geometrically. The 
resulting secondary loop im])edance 

zf = k X (Z,j ^ Z,) ^k X ZiX . (22) 

Owing to the symmetrical nature of a three-phawse fault, the 
fault may be regarded as the star point of the three phase 
impedances 

Z,= Y,ulI^VI{W^^) . . (22a) 

Hence a relay connected to phase voltage and line current 
records the phase impedance. The same result is obtained 
with a relay connected to line voltage and the resulting current 
of delta-connected current transformers (ecjuation 22a), In 
order to measure the total loop impedance (equation 22) the 
relay must be connected in the same way as indicated above 
for a two-phase fault, namely to line voltage and line current. 
In this case, as a comparison of equations (22) and (21) will 
show, a relay with a given straight-line characteristic will have 
a slightly shorter releasing time with a three-phase fault than 
with a two -phase fault. 

{d) Double Earth Faults. If two earth biults occur simul- 
taneously, fault currents and fault impedances are not the 
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same as in the case of a two-phase short, even if the two faults 
are close together. There are three fault loops, one of which 
comprises tlie two faulty conductors and the ground section 
between the two faults. Therefore, relays may be connected 
in the same way as for two-phase shorts, though some correc- 
tion may be necessary.* 

On the other hand, the secondary impedance of each loop 
conductor-one of the faults-earth return, is similar to that in 
the case of a single eartli. Hence, relays may also be connected 
between phase and earth. 

If a more accurate grading is desired, this may be achieved 
by introducing the earth current. f The relay will record 
correct distance, if energized by phase voltage to earth and the 
current I + KI^ or by line voltage and the current / 

The summation of the two currents can be carried out by two 
separate current coils in the relay, or with the help of an 
intermediate summation transformer. 

In a system with insulated neutral and earth current com- 
pensation through a Petersen coil, it is desirable to make use 
of its inherent ability to continue operation for some time 
with one conductor earthed ; hence,* of two earth faults occur- 
ring simultaneously on different phases and in different line 
sections, only one must be cleared, leaving aUve the line section 
affected by the second fault, and further all sections between 
the two faults and all substation bus-bars. In order to achieve 
discrimination between the two earth faults, even if they 
should be fairly close together, it is necessary to introduce an 
arbitrary transfer system, so that only one of the two faulty 
earth loops is connected to a relay, and the second is not dealt 
with at all. 

(e) Porver Oscillations. Though the distance protective 
system, like any other selective system, is primarily devised 
with a view to isolating a fault, its performance must also be 
studied when subjected to power oscillations, such as occur 
when the stability of a system fed from several generating 
stations is upset. In this event heavy irregularities of voltage 
and current may occur in any section not affected by a fault ; 
these irregularities may become such as to cause the undesired 

* For tho purpose of a full analysis of unsymmotrical faults the method. of 
symmetrical sequence components is usefully applied. See The Electrician, 
1934, pp. 95, 241, 433, 573, 797; 1935, pp. 183, 341, 599 (G. A. Robertson); 
or Symmetrical Components, by Wagner and Evans (McGraw Hill). 

t See Bibliography Nos. 38 and 43. 
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isolation of healthy sections. Therefore it is, as a rule, necessary 
to prevent relay operation in case of through faults. An 
exception is made in the case of a line connecting two generating 
stations which have fallen out of synchronism. The general 
requirements of a protective system under conditions of 
instability are, therefore, that no healthy sections shall be 
cut out, so that the generating stations are given an oppor- 
tunity of pulling into synchronism ; but that, after a certain 



Fig. 89 . Variation with Time of Voltage { F), Current (/). 

Jmpkdani’k (Z) and Reactance { X ) at one point of a 
Coupling Line 

time has elapsed a circuit-breaker, preferably a predetermined 
coupling circuit-breaker, shall separate the power stations 
from each other if they remain out of step, or if there is no 
reasonable chance of synchronism being re-established. 

Fig. 89 illustrates one full cycle of the fluctuation of current, 
voltage, impedance and reactance, measured at any point of 
a line coupling together two power stations generating at 
different frequencies. The duration of the cycle is determined 
by the difference of the two frequencies and, in practice, 
amounts to between 0-2 and 2 sec. Any relay in the run of 
the line will operate the appropriate circuit-breaker, if its 
time setting is smaller than the time during which its deter- 
mining value (current, voltage, impedance or reactance) 
remains beyond the releasing limit. 
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Thus, for example, an impedance relay will operate if the 
impedance drops sufficiently low for a sufficient length of time. 
Fig. 90 shows the local distribution of impedance over the 
whole length of the line for seven typical instants (marked 
1 to 7, 45"^ apart) during one full cycle ; it appears that there 
is one point at which the impedance is lowest ; thus the relay 
nearest to this point will trip its breaker (if operation occurs 
at all) in a shorter time than all the other relays, thereby 



Fig. 90. Local Distkibution of Impedance over a Coupling 
Line at Various Instants (1-7) During One Full Cycle 

isolating the two power stations from each other. This proves 
that the impedance relay, by suitable settings of its starting 
element, can be made to comply (though perhaps not under all 
circumstances) with the requirements defined above. 

Conditions are less favourable witli reactance relays. Here 
the point where the reactance is nil travels along the line, and 
may cause the tripping of a number of circuit-breakers. 
Means are available, however, for achieving satisfactory 
results.* 

Princiflk of Design of Distance Relays. In accordance 
with the principle of operation explained above (p. 108), a 
distance relay consists of three main parts, viz. — - 

(a) The Starting Element, which responds when certain 
fault conditions prevail on the protected line section, and 
causes the immediate starting, by electrical or mechanical 
means, of the time element and also of the directional element. 


See Bibliography Nos. 37, 42, 46. 
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There are three distinct ways of determining the correct 
moment for a distance relay to be set in motion. The first 
is by means of an excess current element, with a setting 
between one and two times the normal line current. This 
method is the simplest, and is ])crfect]y adequate, as long as it 
is impossible for the short-circuit current to be lower than 
the normal operating current. This, is, as a rule, the case in 
overhead or underground networks up to 33 kV. In under- 



Fig. 91. Various Principles of Connecting Under-impedance 
►Starting Clement 

a Current transformer / = Time element coil 

b ' Current coil of starting element k = Voltage coil of starting element 

c ^ Normally-on eontaet I -- lialanccd beam 

d = Nt)rmally-otf eontaet p ^ Stop 

e = Current coil of distanee/time element 

ground cable systems the thermal capacity is mainly the 
determining factor, so that the simple excess-current element 
is entirely suitable for such installations. Where the number 
and size of machines connected to a system vary between wide 
limits, and the short-circuit current at times of light load, when 
only one or few machines are connected, is often lower than 
the normal load current, the excess-current starting element is 
not suitable. 

Secondly, an under-voltage relay may be used as a starting 
element. This is frecpiently combined with an excess-current 
relay which becomes operative in the event of an overload on 
the fine, or if for some other reason the voltage is maintained 
at a value above tlie setting of the under- voltage relay. 

The third alternative is a starting element of the under- 
impedance type. Tliis consists of a current coil and a voltage 
coil, the combined action of which sets the time element in 
motion under certain fault conditions. The two coils may 
for instance act on a mutual mechanical system, their res- 
pective forces (see Fig. 91) opposing each other. Under normal 
operating conditions, the action of the voltage coil retains the 
mutual shaft or lever in its normal position. As soon as the 
force of the current coil prevails, i.e. when the element records 
a low impedance, the shaft or lever is moved into releasing 
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position. This occurs in the event of a fault, or of a consider- 
able overload, in this latter case also when the voltage is at 
its full value. Fig. 92 illustrates the secondary impedance 
of a typical line (relating to secondary currents of 5 A and a 
secondary voltage of 110 V) under normal operating conditions 
(curve a), and under a short circuit (curve b). 


Ohms 



Fig. 92 . Tmpedaxgi: Ch.\racteristic's of a Typical Transmission 

Line 

a - Line iinpodancc ut full voitagc c Straight-line characteristic of under- 

b = Line impedance under short-circuit con- impedance starting element 

ditions c' - .Alternative charactcristir* 

The short-circuit impedance (curve b) is only determined by 
the distance from the fault, and is independent of the magni- 
tude of current. During the transitional period, in the event of 
a fault, the line impedance drops from a point on curve a, 
to a point on curve b. Curve c shows a typical characteristic of 
an under-impedance starting element designed on the lines 
of Fig. 91. This characteristic follows the equation 

. . (23), 

or 2 = vfi = V(^ 2 /^i — kjc^i-) . . (23a), 

where v is the secondary voltage of potential transformers, 
i the secondary current of current transformers, and Cg 
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are constants, and A; is a constant additional force exerted by 
a spring or weight on the mutual shaft or lever. The influence 
of the term is only felt with low currents. 

When the line impedance falls below curve c, i.e. within the 
shaded portion of Fig. 92, the starting element will operate. 
With a characteristic such as the one shown in curve c, the 



Fig. 93 . Undek-impedance Starting Element with HYrERBOLic 
Characteristic 

(Soo Fj«. 01) 

a Current transformer in = Current coil 

c - Contacts n — - Voltage coil 

e Current jiath of distance relay 

lowest starting current is about 40 per cent (2 A secondary 
current), but this minimum current may be varied by means of 
an adjustable spring tending to hold the starting element in 
its normal position. This is of great importance in systems 
having temporarily low short-circuit currents. 

An under-impedance starting characteristic similar to curve 
c of Fig. 92, which is essentially a horizontal straight line, will 
be found suitable where the operation of relays is also desired 
in case of slight overload on any part of the system. Frequently, 
however, this is not desirable, particularly where twin circuits 
are to be protected. In this case the setting of curve c may be 
reduced to a lower value (curve c'), so as to move intersection 
with curve a to a higher current value. This measure, however, 
may lead to failure in the event of short-circuits through a 
high resistance arc or through earth, as the fault impedance 
may then be above curve c'. 

For this reason a different typo of under-impedance starting 
element may often be preferable, wliose principle is exempli- 
fied by Fig. 93. Current and voltage coils operate two separate 
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normally-on contacts, both shunt connected with the current 
coil of the time element. Only when both contacts are open 
is the relay ready to operate ; in this case the voltage element 
is set to open when the voltage falls below a value and 
the current element opens when the current exceeds a value 
Iq. The resulting characteristic is a hyperbola (Fig. 94) and 
is similar to that of an under-voltage starting element, with 



Kio. 94. (’hakac'tehistk? Criivn of ("ndkii-impkoanof Staktino 

Klkmfnt 
(S rc Fi«. 93) 

a - Xornuil working irnpc lance Miiiiinuin start in« cnnvnt 

^ - Start inj? irnpc<lanre ^raxiinum startint' voltiino 

the exception that no operation o(;(uirs unless the current 
value is exceeded. This type has the disadvantage of being 
unsuitable for protection against overloads which do not cause 
an appreciable voltage drop on the relay terminals. 

Sometimes the straight line and the hyperl)ola are usefully 
combined into a characteristic of the kind shown in Fig. 95. 
Manifold ways are open to the designer to produce any desired 
characteristic ; which tyf)c of starting clement is best suited for 
a particular case depends upon various conditions, as already 
indicated. A starting element having a characteristic similar to 
Fig. 95 offers the advantage of being universally applicable, 
because such a characteristic can always be modified by simple 
adjustments into one as in Fig. 92 or Fig. 94 or intermediate 
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It is possible to combine the under-impedance starting 
element with the impedance/time element, but as this is 
achieved at the expense of variability of characteristics, it is 
advisable to use two separate elements, if variable character- 
istics are aimed at. Any type of starting element may be 
fitted with change-over or selector contacts, in order to con- 
nect the relay to different current and potential circuits, in 

n 

50 


40 


30 


20 


10 


0 

Fig. 95. Combined Chauacteiustio of Stahtino Element 

(I Xormal working inii»o<lance Jq - iMinimuni starting current 

() Starting iiniK'dancc 

accordance with the requirements of each particular type of 
fault. 

(6) The Directional Element. Unless the time element itself 
has directional features, a separate directional element is 
necessary, except on feeders with open ends, or in other special 
circumstances. The directional element is built on the watt- 
meter princij)le, and may be of the electrodynamic, electro- 
magnetic or induction type. The directional sensitivity must 
be such that operation is positive even when the line voltage 
collapses to a fraction of one per cent of its normal value, 
i.e. when a fault occurs in the immediate neighbourhood. 
This is essential, as the faulty section only must be disconnected, 
and under no circumstances must a relay operate unless the 
energy flow through its current transformers is directed away 
from the bus-bars, or the voltage is practically nil. 
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The prevention of release in case of energy flowing towards 
the bus-bars may be achieved through mechanical or electrical 
means. 

(c) The Time Element. The principle of distance protection 
requires that the relay, once set in motion by the starting 
element, shall discriminate between faults in accordance with 
their distance from each relay. Hence a time element is re- 
quired giving a greater delay, the further away the fault has 
occurred. Let it be assumed, for the time being, that the 
desirable distance/timo characteristic is a straight line, i.e. 



Fig. 90. Straight Line Characteristic of Distance/time Element 

Iq Minimum time la^ + q - q tan OL ~ Time lag for 

impedance z^" 

a time lag increasing in direct proportion with the distance 
(Fig. 96). Manifold ways are available for achieving this effect. 
Several well-known designs make use of an induction type 
disc driven by suitably energized coils, exerting a torque 
against the action of a spring. A separate voltage element, 
normally of the attracted armature pattern, retains the 
releasing contact until the force of the time element exceeds 
that of the voltage element, when the releasing contact is 
closed (or opened), and thereby the tripping circuit of the 
circuit-breaker is actuated. Another very common design 
consists of a bi-metal strip influenced by the current, which 
moves a multiple lever system, (5 to 8 in Fig. 97) in such 
a way, that the time for closing (or opening) the releasing 
contact (11) is determined by the value of the current, and 
also by the position of a curved disc fixed to the pointer of 
a voltmeter. 

The minimum time {t^ in Fig. 96) is partly determined by 
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technical considerations regarding the network, but mainly 
by the rupturing capacity of circuit-breakers installed. These 
are sometimes not suitable for breaking the maximum instan- 
taneous short-circuit current, so that a minimum time lag of 



Fig. 97 . Thermal Type Distance/time Element 

1 «= Curve -shaped disc of voltage element 9 Roller 

2 =» Bimetal strip 10 = Pawl 

3 ^ Temperature compensation 11, 12 Releasing contact 

4 => Shaft carrying the bimetal strips 13 = Lever loperated by the directional 

5-8 = Multiple lever system 14 -- Interlock 5 element 

(A.E.G.) 

0*5 or even 1 sec. is sometimes unavoidable, thus allowing the 
short-circuit current to decrease before a circuit-breaker is 
tripped. 

Where the rupturing capacity of circuit-breakers is suffi- 
cient, the minimum operating time will be made as short as 
possible. In this case, the minimum time is composed of the 

9-(T.24) 
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inherent time lag of the starting element and the minimum 
time of the time element, in all about 0*25 sec. or in the case 
of some high-speed relays as little as 2 cycles (0 04 sec.). 

As regards the time increment, i.e. the difference in operating 
times between two consecutive relays on the same fault, 
allowance must be made for the time required by circuit- 
breakers from the instant of closing (or opening) the tripping 
circuit, until the actual interruption of the arc. This time is 



RtLAYS 

Fig. 98. Elimination of Arc Resistance 
(Metropulitan-Virkers EleHricnl Co.) 


0*2 sec. or more; it is shortest in air-blast or oil-blast breakers 
(see Chapter II). 

For use on voltages above 33 kV, the increase of the releasing 
time due to the arc resistance must be eliminated. This may be 
effected by means of a compensating resistance connected in 
series with the current coil, and in series with the coil of the 
restraining element (Fig. 98). By this or other means the 
inaccuracy of tlie releasing time can be greatly reduced. 

Considering the tripping time of circuit-breakers, and a 
certain tolerance on account of inaccuracy, the total time 
grading between two relays should as a rule not be less than 
about 0*6 sec. ; higher differences, of say 1 sec., are often 
necessary. Conditions are made more difficult in a network 
consisting of sections with impedances or reactances differing 
greatly from one another. In such cases resort may sometimes 
be made to the utilization of different characteristics on 
individual relays. 
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The distance/time characteristics of a well-designed distance 
relay can be modified in manifold ways, so as to make it 
suitable for varied operating conditions. 

Fig. 99 shows the typical characteristics of an impedance 
relay. With a secondary current of 20 A, for instance, the 
full line shows a rise of 0*75 sec. per ohm of the secondary 
impedance, whereas the dotted line is another setting of the 
same relay for 1*5 sec. per ohm. 

sec 
5 


4 


3 


2 


/ 


0 1 Z 3 40 

Fio. 99. Typical Characteristics of Impedance Relay 
T he full lines refer to different currents with one setting. The dotted line refers to 
another setting 

High-speed Distance Protection*. Often it is altogether 
impossible with any type of distance relay having a steady 
characteristic to devise a protective system combining selective 
operation with sufficiently low time lags, such as are now- 
adays required with a view to the stability of large power 
plant. Time lags up to the values mentioned above are, as a 
rule, permissible from the point of view of protecting machines 
and transformers, but a time of less than half a second is often 
sufficient to cause machines or whole stations to fall out of 
synchronism. Further, they may be excessive with regard to 
the thermal overload capacity of cables, current transformers, 
etc. 

Provided the existing circuit-breakers are up to their duty, 
there is no reason why a time lag, in addition to the inherent 

* The term “high speed’’ is hero used to distinguish distance relays with 
stepped characteristic from ordinary distance relays, and does not imply any 
relation to those “high speed relays” which operate within a time sometimes 
as short as two half cycles (see pp. 13, 129, 179). 
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operating time of relays and circuit-breakers, should be 
introduced. In systems with solidly earthed neutral, earth 
faults in particular should be disconnected without any loss 
of time, in order to avoid their developing into a short-circuit 
across phases. 

In all such cases much lower time lags may be required than 
those obtainable with distance/time elements having a 
straight-line characteristic. For this purpose, quick-acting 
distance relays liave been developed by several firms. The 
simplest type is one without a time lag. It is set so as to operate 


ILencth of Feeder for whichT^e FZ RkuY is operative 



Fio. 100 . Combined Chakacteristio of Instantaneous and Delayed 
Distance Relays 
(Metropolitan-Vickers Electrical (Jo.) 

iiistantaneously when a certain fault occurs within a certain 
distance, say 75 per cent or 80 per cent of the feeder section. 
Another back-up relay of the distance/time type becomes 
operative when the fault lies in the remainder of the feeder 
section, or when the quick-acting relay fails to operate (see 
Fig. 100). This simple type of undelayed under-impedance 
relay is mainly used for protection from earth faults in systems 
with solidly earthed neutral. Due to the necessity for addi- 
tional back-up relays, this solution has not found much 
application. 

The same characteristic is obtainable from a combined 
single relay of the type shown in Fig. 101. In this case the 
action of the instantaneous step is inverted, i.e. undelayed 
tripping occurs unless the impedance is high enough to cause 
the operation of an over-impedance element. This has the 
advantage that an over-impedance element is a more reliable 
device than a highly sensitive under-impedance relay. Another 
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interesting feature of the relay illustrated in Fig. 101 is that 
it comprises a number of auxiliary selector contacts so that a 
single relay is made to protect alF" ^ 


three phases (see p. 144). 

Another type embodying all 
necessary features is obtained by 
combining an instantaneous-acting 
relay with a multi-step time ele- 
ment. Fig. 102 shows a typical 
line with four stations a, />, c and 
d, and will explain the fundamental 
idea. A fault occurring within, say, 
the first 75 per cent or 80 per cent 
of the nearest line section (a to m) 
is cleared in the shortest time. If 



the distance is greater, a time lag is 
introduced. If the fault is further 
away than about the middle of the 
following section (/i), this time lag 
is further increased, as far as the 
operation of relay a is concerned. 
In case of a fault between b and c. 



r’lG. 101. Typicat. Modern 
High-speed J)istance Relay 
FOR Lines up to 33 kV. 


{A.EA^,) 


the relay at b will clear the line and relay a will act only as 


a standby. 

The principle of operation is illustrated by Fig. 103. Km 



Fio. 102. High-speed Distance Protection with Three Definite 
Time Steps 

a, b,c,d = Stations n Setting of second over-impedance relay 

m = Setting of first over-impedance relay in in station a 

station a. ^1*^2, <3 = Time lags of relay operation 


126 PROTECTION OF ELECTRIC PLANT [Chap. VII 

the time element having three steps. With a low impedance, 
contact closes the tripping circuit, provided of course the 
contacts of the starting element A and of the directional 
element Q are closed. When the impedance is high enough to 
operate the over-impedance element G (i.e. when the distance 



Fig. 103 . Principle of High-speed Distance Relay with Three 
Definite Time Steps 


A --= Excess current starting element Q Directional element 

Cr, U - Over-impedance relays .S' - Circuit-breaker 

K Three-step time element {ki, k^, k^ z\ z" -- Settings of relays Q and J/ 

exceeds 75 per cent or 80 per cent of the length of the first 
line section), operation cannot occur until the time contact 
k^ is closed. Still higher impedances (corresponding to a 
distance beyond the middle of the second line section) will 
cause both elements G and H to open their contacts and the 
circuit-breaker will not be tripped before the last time-contact 
^3 has closed. As this third step is only intended for emer- 
gency operation in case of the relay or relays nearer the fault 
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failing, its time lag is set as high as is considered permissible 
in the particular system. Fig. 104 shows a typical character- 
istic of a quick-acting distance relay. The design may, of 
course, be modified in various ways. 

While relays as in Figs. 100 to 104 meet the requirements of 
systems with voltages up to 33 kV, they would not be suitable 
for higher voltages, owing to the influence of the arc resistance. 
In this case reactance relays must be used, or if imijedance is 



Fig. 104 . Typical Chakacteristic of a Three-step High-speed 
Distance Relay 

a = Normal line impedance (or reactance) c Trippinp impedance (or reactance), 
b — Tripping impedance (or reactance), .«ccond ste]) 

first step d ^ Tripping impedance (or reactance) 

third step 


used as a criterion, provision must be made to eliminate the 
influence of the arc resistance. This is easily achieved, if the 
releasing time is determined during the first 0-2 sec., i.e. 
while the arc resistance is low. 

In Fig. 105 contact closes after a definite time of 0-2 sec. 
In this case the releasing circuit is not connected in series 
with contacts G and //, but through auxiliary contactors 
O' and H' with holding-on contacts. Thus, whatever happens 
in the faulty loop afterwards, no further alteration takes 
place in the releasing circuit once contactor F has de-ener- 
gized the voltage coils of elements G and H after 0-2 sec.; 
except, of course, when the fault disappears altogether, 
thereby resetting the whole relay to normal. A relay of this 
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type does not react on subsequent alteration of the type or 
distance of a fault upon which it has started to operate. 
The short duration of increased burden also benefits the poten- 
tial transformers. 

A relay of this design is illustrated in Fig. 106. As in Fig. 
101, the distance relay is aga,in combined with a number of 
selector contacts so as to protect all three phases. 



Fio. 105. Hioii-SPEED Distance Relay fcr Highest Voltages 

The oixjratini time is determined witliin 0-2 s(M*()nds and the influence of the arc 
resistance is thereby eliminated. 

(A.E.a.) 

A Excess-* .rent starting element 7* == Auxiliary relay interrupting the 

G, H — Over-impe lance rela>a jM)tential circjiit after 0-2 sec. 

G\ H' = Auxiliary .clays Q - Directional element 

— Time stei contacts Q' Holding coil of directional element 

T Tripping relay 

An alternative way of eliminating the arc resistance is to 
make the second and third steps of an impedance relay measure 
the reactance of the fault circuit. 

In the case of Figs. 101 and 105 the distance elements are 
built on the principle of beam relays. This design is suitable 
for both impedance and reactance elements. For reactance 
units, the dynamometer type has many features to commend 
its appheation. In one well-known reactance relay the in- 
duction dynamometer principle is used, where the current in 
the moving coil is induced by transformer action. In order to 
obtain a reactance characteristic, windings are arranged as 
shown in Fig. 107. The two current windings (a and b) will 
give a torque proportional to whereas current winding 
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Fia. 106. Three-step High Speed Distance Relay for Highest 
Voltages 

Ft)r solidly earthed neutral, including selector relays. 

{A.E.G.) 


a, and the potential winding c, furnish a torque proportional 
to X i X cos -- 0), where </> is the power-factor angle of 
the protected circuit, and 0 is the 
angle between and i at which a 
maximum torque would be obtained. 

If by means of suitable resistance 
and reactance in the potential cir- 
cuit 6 is made to be OO*", tlie second 
torque becomes equal to v xix sin 
The two torques counteract each 
other, so that the resulting torque is 
nil if 

V X i X ^in (f) k X (24) 

The relay closes its contact if 

(v X i X sin 0)/^- < k (24a), 

i.e. if the reactance of the circuit ^ Voltage <!> 

falls below a predetermined value. Fig. iot. Connections of 

The operating time of this type is Reactance Relay 

onlv two a, 6 - Cumiit windings 

umy two cyues, ^ _ Potontial winding 
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Methods of Connecting Distance Relays. The in- 
ternal and external connections of a single -phase distance 
relay are illustrated in Fig. 108. The starting element a is, in 
this instance, as in all the following diagrams, of the excess 
current type. Other types may, of course, be substituted 
where necessary. By the closing of its left-hand contacts, the 



Fia. 108 . PiuNciPLE OF Impedance Relay Connection 


a *= Starting element 
b = Distanee/time element 
c -= Directional element 
d = Impedance meter 
e = Time element 
/ = Insulating plate 
g -= Contacts 


h — Reset spring 
i Current transformer 
k -= Releasing coil 
m - ir.T. circuit-breaker 
n = liattery 

V — Potential transformer 


starting element energizes the directional element c and the 
distance/time element b. If the flow of energy is directed 
toward the bus-bars, the insulating plate / prevents any further 
action ; if the direction is away from the bus -bars, plate / is 
removed and the contacts g close the tripping circuit (in this 
instance battery operated) after a time dependent on the 
distance of the fault. 

Concerning a three-phase feeder end, it has already been 


Suitable Connections 
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shown how the current and voltage paths of distance relays 
must be connected for correct operation under various types 
of fault. In Table V the possibilities of connection are recapit- 
ulated. For practical application, there are three fundamental 
methods of energizing each single relay, viz. by — 

(1) line current and line voltage; in which case the loop 
impedance will be recorded; 

(2) current and varying voltage, so that either the phase 
impedance or half tlie loop impedance is recorded as required ; 

(3) resulting current and line voltage; in which case 
relays record the phase impedance. 

In each case, further variations are possible ; those used in 
practice are included in Table V. For each connection the 
corresponding time factor r is stated, which, if substituted in 
the equation 

t' z= c X T X Zii X /(<^) ( 25 ), 

gives the resulting time lag. 

The constant c = A; x {tiz) is represented by A; X tga in 
the relay characteristic (Fig. 96). The term /(</») depends on 
the type of relay and is 

/((/>) = 1 for impedance relays, 

~ sin (f) for reactance relays, 

== cos (j) for resistance relays. 

The original method of distance protection was by means of 
one relay in each phase. In view of the comparatively high cost 
of relays a desire was soon felt to reduce their number, and 
methods were developed using two relays or even only one per 
set, in connection with automatic transfer relays, leaving 
it to the latter to assign the requisite phases of voltage and 
current to the various relay windings. 

(a) Connections Using Three Relays — 

(1) Line Current and Line Voltage. In Fig. 109, illustrating 
the principle, current and potential transformers are omitted 
for reasons of simplicity. Great importance attaches to a 
correct selection of phases. As may be seen from Fig. 109, 
relay a is energized by the current in R, and by the line voltage 
between R and B. The current is, therefore, 30° leading 
when the p.f. is unity, i.e. when 7^ is in phase with the phase 
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voltage F^. This leading current is desirable in order to 
achieve directional sensitivity under all circumstances, even 
when the current I^ lags behind the voltage F^ by about 90°. 

In the event of a two-phase short-circuit, as has been shown 
before (p. 110 and Table V), the acting voltage is the hne 
voltage, so that in this case the fault current is in phase with 
the line voltage. With a three-phase short, however, the short- 
circuit current is caused by, and is therefore in phase with, 
the phase voltage, always assuming unity power factor. 

Relays connected as in Fig. 109 will have a somewhat 
longer time lag with a two-phase fault than with a three-phase 
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Fig. 109. Fihst Fundamental Connection of Three Distance 

Relays 

Eacli relay is on line current and line voltage, 
a, 6, c Distance relays 

fault occurring at the same distance. The value of r for sub- 
stitution in equation (25) is = \/3 for a three-phase 
fault and — 2 for a two-phase fault. 

Another difference in the performance, under two- or three- 
phase faults, of distance relays connected in accordance with 
Fig. 109, is that a two-phase fault is only dealt with correctly 
by one of three relays, whereas a three-phase fault causes all 
three relays to operate simultaneously. 

The connection shown in Fig. 109 is not suitable for dealing 
with single earth faults on a system with solidly earthed neutral, 
since in the event of one phase, say jR, being earthed, relay 
a would be energized by the voltage between R and B, i.e. 
approximately the voltage of a sound phase (B) ; thus the relay 
would operate with a very great time lag, if at all. 

(2) Line Current and Varying Voltage. This principle is 
illustrated by Fig. 110. With a two-phase fault, only two of 
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the three starting elements d energize their respective imped- 
ance/time elements, so that the voltage path of each relay 
is on half the line voltage. In the event of a three-phase 
fault, all three starting elements close their contacts, and the 
phase voltage is applied to each voltage path. Hence, the time 
factor will be ™ 1 for the three-phase fault, and = 1 
for the two-phase fault, i.e. the same for both kinds of short- 
circuits. 

It may also be considered an advantage that with this 
connection two relays operate with correct time lag in the 
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Fig. 110 . Second Fundamental Connection of Three Distance 

Relays 

Eacli relay is on line current and on a voltaic varying according to the type of fault, 
rt, b, c -- Distance relays d Starting elements 

event of a two-phase fault. Again a three-phase fault influences 
aU three relays alike. 

If the star-point of the three secondary potential paths is 
earthed, a system as in Fig. 110 can be made suitable for use 
against single earth faults. In this case the starting element 
of the affected phases will respond, whereby the appropriate 
voltage path will be put on phase voltage. Hence the relay 
will record about twice the phase impedance (see Table V), 
with a resulting time factor of 2. This modified connec- 
tion, however, would be unsuitable for two -phase short circuits. 

(3) Resulting Currents and Line Voltage. As shown in Fig. 
Ill, the three current transformer secondaries are delta 
connected, whereas the current paths of relays are star con- 
nected. Potential paths are in delta. In the event of a three- 
phase fault, all three relays are energized by the resulting 
current of two phases and by line voltage, so that they record 
the phase impedance (or reactance, etc.) ; hence r”' = 1. 

In the event of a two-phase fault, one of three relays obtains 
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twice the fault current; the same relay is on the voltage 
between the faulty phases. Thus it records half the loop 
impedance, and — 1. 

The result is that this connection also leads to equal releas- 
ing times for both kinds of short-circuits, but in the event of 
a two-phase fault only one of the three relays will operate with 
the correct time lag. 

With regard to single earth faults, a connection as shown in 
Fig. Ill is not suitable for the same reasons as given before 
under (1) with reference to Fig. 109. 
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Fig. 111 . Third Fundamental Connection of Three Distance 

Relays 

Each relay is enerKized by the resulting current of delta-connected curreii*^ transformers, 
and by line voltage. The current as shown refers to a two-phase fault. 

a,b,c ~ Distance relays = Secondary fault current 

I Primary fault current 

(4) Combined Connections. Three different connections were 
given above, eacli of wliich fully suffice for the protection of a 
three-phase system agaimst short-circuits, but not against earth 
faults. If, however, the neutral is earthed solidly or through 
a resistance, i.e. if single -phase faults are not rendered harmless 
by a Petersen coil or equivalent device, the only connection 
applicable is the one shown in Fig. 110, modified by earthing 
the star-point of the three potential paths. This connection 
is, however, not suitable against two -phase short circuits. 
It is an essential requirement, particularly in the case of high- 
speed distance protection, that the releasing time shall depend 
solely upon the distance, and not be different for various types 
of fault. This means that in an ideal system the time factor 
must be the same for all kinds of fault. For this purpose, any 
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of the fundamental connections using three relays can be 
amplified by the addition of transfer or selector contacts, 
controlled by the starting elements themselves, or by separate 
transfer relays which adjust the connections to the type of 
fault. Of course, it is necessary to make sure that the dis- 
tance/time element does not act before all the selector relays 
that should operate have done so ; in other words, the minimum 
operating time must be slightly longer than it would be if 
no transfer contacts were applied. Transfer contacts in the 


R Y 5 



Fig. 112 . Combined Connection with Transfer Contacts on the 
Starting Elements 

a^btC^ Distance relays d — Starting elements with transfer contacts 


current path must be so designed that the circuit is not 
interrupted during their operation. All transfer contacts must 
be maintained with due care, if good results are to be obtained. 

Fig. 112 shows an example with transfer contacts on the 
starting elements themselves. 

The three voltage coils are normally at phase voltage. In 
the event of a three-phase fault, all three voltage coils are 
transferred to line voltage (thus establishing connections as in 
Fig. 109) and the time factor is = \/3. 

In the event of a two-phase short-circuit, only one of the 
two relays carrying short-circuit current is transferred to line 
voltage. This is due to the fact that each starting element 
controls the voltage path of the relay in the following, and not in 
its own phase. The time factor is then t" ~ 2. 

The same applies to a double earth fault in a system pro- 
tected by a Petersen coil ; in this case the releasing times of the 
two relays carrying fault current will be of approximately the 
same value, since, under average conditions, the voltage to earth 
in any of the faulty phases is, as a rule, approximately equal 
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to the line voltage between the two faulty conductors. There- 
fore, the system indicated needs further modification, if only one 
of two simultaneous earth faults are to be disconnected, which is 
desirable in a system protected by a Petersen coil (see p. 112). 

A single earth fault in a system with solidly earthed neutral 
is dealt with by line current and phase voltage as desired, 
with a time factor of — 2. 

Another simple method of providing protection both 
against short-circuits and earth faults, is illustrated in Fig. 
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Fig. 113. Combined Connection with Transfer Relay 
a, b,c ^ Distance relays m Transfer relay operated by neutral 
current (i,^) or neutral potential (v^) 


113; this is another modification of the first fundamental 
connection (Fig. 109). 

A transfer relay m is energized by the residual current in the 
mutual return of the three current transformers (see Fig. 
114(a) ), or, alternatively, by the voltage between neutral 
and earth (Fig. 114 (6) ). In any case, the voltage path of 
the relays is supplied with line voltage in the event of any 
symmetrical fault (i.e. two- or three-phase short-circuit). 
If, due to a single- or two-phase earth fault, a heavy out-of- 
balance current (or neutral potential) energizes the coil m, 
the three transfer contacts put the relays on phase voltage. 
The effect is expressed by the resulting time factors — 
for a three-phase fault = \/3 ; 
for a two-phase fault r** — 2 ; 
for a single or double earth fault t' ~ 2. 

io—(T.24) 


138 PROTECTION OF ELECTRIC PLANT [Chap. VII 

In a similar way the second fundamental connection (Fig. 
110) can be modified by the addition of a transfer relay m, 


(CL) (1) 



Fig. 114 . Connections of Transfek Relay 
(a) for neutral current, {b) for neutral potential. 

e — Five limb potential transformer h — (birrent patli of distance rclayB 

/ — Current transformers m -- Transfer relay operated by neutral 

g Voltage path of distance relays current (»^) or neutral potentifil 

which closes the earth circuit in the event of an unsymmetrical 
fault. In this case the resulting time factors would be r"* 
=z= but — - 2. In order to reduce the latter, an 
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Fig. 11 . 5 . Combined Connection with Tkansfeu Relay 

a,byC^ Distance relays m = Transfer relay oiwrated by neutral 

d = Starting elements current (i„) or neutral potential 

h = Series impedance (alternative) 

impedance h may be connected in series, so that the voltage 
supplied to the relays is halved and becomes 1. (Fig. 115.) 
It has been mentioned before and will be shown in detail 
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further below, that adequate protection can also be afforded 
by means of two relays or even by one only. If a connection 
using three relays is to be superior, it ought to be such that with 
any type of fault, except of course in the case of a single 
phase fault, two or three relays of one set operate with cor- 
rect time lag, so that should one of them fail, another one 
brings about the correct tripping of the circuit-breaker. 
This is accomplished by a modification of the connections of 
Fig. Ill, as indicated in Fig. 116 . The current in each relay is 



Fig. 116. Combined Connection Without Thansfer Relay 

a, 6, c ~ Distance relays e ~ Earthing iinix'dance of potential circuit 

d Starting relays i -- Current transformers 


again the resulting current of two phases. A three-phase 
fault puts all three voltage paths on line voltage. A two -phase 
fault causes two transfer relays to operate, so that one distance 
relay is on line voltage; its current winding carries twice the 
fault current. The two other relays are each on half-line 
voltage and on single fault current. Hence, all three relays 
operate practically with the same time lag. 

In the event of single faults to earth, one of the three 
transfer relays operates, and thereby puts the two distance 
relays carrying the fault current on half-phase voltage. Hence, 
the total time lag is the same as for short-circuits, viz — 

= = /(<!>). 
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Regarding earth faults, it has been assumed in all con- 
nections so far discussed that the impedance of the earth 
return equals that of a conductor. Where greater accuracy is 
required, or where the earth impedance differs greatly from 
that of a conductor, connections as in Figs. 117 or 118 may be 
appMed. These connections are actually used on systems with 
solidly earthed neutral. 
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Fio. 117. Combined Connection with Eahth Impedance Correction 

ai,a2, aj = Distance relays / ^ Transfer relay 

at = Auto-transformer F = Current filter 

(li, d2, 1/3 ^ Starting elements Z^, ■ Series impedances 

In Fig. 117 the relays a^, ag, are normally on phase volt- 
age, so that three-phase faults are cleared with == 1 ; 

a two-phase short-circuit causes the transfer relay / to operate. 
With two relays on line voltage (halved by the series impedances 
Zj, Zg Z 3 ,) and line current, also equals 1 ; a single earth 
fault does not affect the transfer relay. The distance relay on 
the faulty phase is energized by phase voltage and line current, 
increased by the amount added through a current filter F 
by means of a tapped auto-transformer at. The current can 
so be adjusted so that ~ 1. 

With the same adjustment the current through each of 
the two responding relays in the event of a two-phase earth 



H.T. RING MAINS 


Chap. VII] 


141 


fault will be about {I Ie) with half hue voltage, whereby 

= 1 (see Table V). 

Alternatively, the current contacts on the transfer relay 
can be ehminated by providing an additional selector relay in 
the residual current circuit, with contacts in parallel with the 
group of contacts already shown in Fig. 117. 

The connection shown in Fig. 118 is similar to that of Fig. 
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Fio. 118. Combined Connection with Earth Impedance Correction 

aj, ttg, = Distance relays with two — Starting relays 

separate current coils m = Transfer relay 

at Auto-transformer 


115; a second current winding is added on each relay, which 
is energized by an adjustable portion of the residual current 
in the earth return, A X Hence, in the event of single 
or two-phase earth faults, the respective relays are energized 
by phase voltage, and by K x Ie)^ so that and r®, 
like r" and are 1. 

{b) Connections using two Relays. If one of the three relays 
shown in Fig. 109 is omitted, the two remaining relays will 
operate correctly in the event of a three-phase fault; but 
their action will be somewhat irregular under two-phase 
fault conditions, as it may happen that both relays are supplied 
with voltages between a faulty and the healthy conductor. 
Therefore, the system is not suitable for dealing with two -phase 
faults, and may only be apphed in underground medium 
voltage cable networks where three-phase faults predominate. 
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A modification making the system generally applicable is 
shown in Fig. 119. Transfer contacts c and d are operated by 
the starting elements {b and b') or by separate transfer relays, 
so that in any case at least one of the two relays is energized 
by the fault current and the voltage between the two faulty 
conductors. Alternatively, transfer contacts may be provided 
in the current paths. 



Fio. 119. Example of Connection Using Two Relays 
F or phase-to-phaso faults only, 

n, a' — Distance relays c, d — Transfer contacts 

b, b' Starting relays i Current transformers 

The resulting time factors are t*" = \/3 and = 2. 

The connection is not suitable for dealing with single earth 
faults, or for the selective disconnection of one earth in the 
event of a double earth fault, unless three current transformers 
and transfer contacts in the current circuit are used. 

The second and third fundamental connections as in Figs. 
110 and 111, may also be modified by the omission of one 
of the relays ; this is again made possible by introducing 
transfer contacts. Such an arrangement (with a resulting 
time factor of 1) is rather elaborate, without having any 
advantage over a single relay system ; it has, therefore, found 
little practical application. 
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Combined connections with two relays are sometimes used 
in systems compensated by a Petersen coil, where, in the event 
of a two-phase earth fault, one fault only should be disconnected. 
An example is shown in Fig. 120. With a three-phase short all 
three starting elements (d) respond; the two relays a and b 
are energized by phase voltage and line current, and 1. 

A two-phase short-circuit between phases R and B causes the 



Fig. 120. Example of Connection Using Two Relays, for all 
Types of Fault 

a, b — Distance relays g - Under-voltage relay 

(li, ds ^ Starting elements , h = Five-limb potential transformer 

(?,/ — Compensating impedances ‘ n - Unbalance relay 

starting elements di and d^ to operate, so that each relay is 
energized by half the line voltage, and line current ; thus 
r” = 1. In the event of a short between R (or B) and Y, only 
one of the two relays {a or b) is energized and operates with the 
same time factor = 1. 

Two simultaneous earth faults, in phases R and B cause 
the operation of d^, dg, g and n. Thus relay b is on full-line 
voltage and line current (r — 2\/3), whereas relay a is on 
half the phase voltage to earth (not to neutral) and line current 
(t = 1), and therefore operates with approximately the same 
time lag as that occurring under two -phase short-circuits. 

A double earth fault in phases R (or B) and Y causes the 
operation of d^ (or dg), d^ and n, and is cleared by relay a (or 
b) on \ V (to earth) and /, with a time factor of 1. 
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For use on systems with earth current compensation, it is 
an advantage of connections using two (or one) relays over those 
with three, that the selective isolation of one of two simul- 
taneous earth faults is easily accomplished. On the other hand, 
there is no standby relay in case of one foiling, except, of course, 
in the next station. Table VI gives a summary of the most 
important distance relay connections, with their respective time 
factors and numbers of relays operating with correct time lag. 

As compared with single -rela}^ connections, those with two 
relays are considerably simpler and the number of transfer 
contacts is not so great. 


(c) Connections using one Relay. 

(1) Connections with two Current Transformers. The current 
path of the relay may be connected in various ways. If two 
current transformers are connected, as in 
Fig. 121, the relay coil is supplied with 
— fhe following currents — 

In the event of a three-phase short- 

circuit : ( v/3) I ; 

^ In the event of a two-phase short- 

circuit between the two phases equipped 
Fig. 121. Current with current transformers : 2/; 

TANOE RE^fy^wTii . of a two-phase short- 

Two Current circuit between one of tlie two phases 

Transformers equipped with a current transformer, 

a - Curront roil of relay third phase ! I. 


A single-phase earth in the third phase would not be indi- 
cated, so that a connection using only two current trans- 
formers cannot be used for protection from single earth faults 
of a system with solidly earthed neutral. 

In order to obtain ecjual releasing times, i.e. equal values of r 
on two-phase and three-phase faults, the above currents must be 
combined with suitable voltages, to be selected from Table V. 
One way of achieving this is to put the voltage path on line volt- 
age in the case of a three-phase short-circuit, when the effect of 
V and (\/3) I is to make = 1 ; also on line voltage, under a 
two-phase short-circuit between the two phases equipped with 
current transformers, when- V and 2/ give = 1; and on 
half line voltage in the event of a two-phase short-circuit be- 
tween one of the phases with, and the one without a current 
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transformer, so that \V and I will again give — 1. 
An appropriate connection is shown in Fig. 122. Alternatively, 
the current through the relay may be halved, either by shunt- 
ing or by means of a tapped auxiliary current transformer, in 
the event of three-phase faults and of two -phase shorts be- 
tween the two phases equipped with current transformers; 
when the respective effects of V and {I\/S)I2 will make 



Fig. 122 . Single- IIelav Connegtton (jiving ECiirAE Tripping Times 
ON Two-phase and Three-phase Faults 

a -3 Distance'- relay 6,6' Start inji i Current Transformers 


— 2, of V and 2 1/2 will make — 2, and of V and 
I will make r”,. — 2. 

Any of the above connections may be modified, so as to give 
selective discrimination between two simultaneous earth faults, 
in a similar manner to the one shown above for a connection 
using two relays. But in this case three current transformers are 
required, if equal results arc to be obtained in all possible cases. 

(2) Connections with three Current Transformers. If tliree 
current transformers are used, the relay can be made to carry 
either line current (with star-connected current transformers), 
or the resulting current of two of three delta-connected current 
transformers, provided transfer contacts are arranged in the 
current circuits. Without using such transfer contacts, non- 
symmetrical faults, i.e. single or double earth faults, can be 
dealt with by a residual current connection, as shown in Fig. 
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123. The current path of the relay is here connected in the 
mutual return of the three star-connected current trans- 
formers ; / is a small compensating impedance of value equal to 
that of the starting element coils b and b\ Thus, the current 
path of the relay is energized by earth current in the event of a 
single or double earth fault, and the resulting value of t* 
is about 2. No current would flow through the current path in 

R Y B R Y B 



Fig. 123 . Residual Current Con- Fig. 124 . Single-Relay Con- 
nection FOR Earth Faults nection for Short-circuits 

a = Directional and time elements a = Directional and time elements 

f>, b' — Starting elements b, b' ~ Starting elements 

= Compensating impedance e Series Impedance 

/ ^ Compensating impedance 

case of phase-to-phase faults, so that this connection is not 
suitable, except for protection from earth faults. 

Protection from two- or three-phase short-circuits can be 
achieved, if the current path is split into two halves, as shown 
in Fig. 124. A three-phase short will then cause the relay 
to be energized by ( v/3) I and V so that =1. In the case 
of a two-phase short between R and the relay is on 2 / and 
F, so that t" = 1. A two-phase short between either R or B 
and Y causes one of the Wo transfer cc acts to operate ; 
the relay is energized by / and the voltage bt.. ween R (or B) 
and Y. If this voltage is halved by a series impedance e, 
is again 1. 

If a single distance relay is to be used for full protection 
against both short-circuits and earth faults, a more elaborate 
scheme of transfer contacts is required. An example of con- 
nections suitable for use on a system with earthed neutral 
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Principal Distance Relay Connections and Their Main Properties 
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D'p/i 1 

- 

- 

- 

about 1 * 

- 


- 

1 


2 


5 


(f) Connections Using One Relay 


122 or 124 

Any 

(s/m 

r 

1 


- 

- 

1 

- 

— 

■ _ 

2 



i 

if! 

~ 

1 

” 

— 

— 

1 


~ 


123 

Solid earthii'- 'r 

I 

^ vh 

- 

- 

about 2 

about 2 

- 

- 

1 

1 

2 

125 

Solid car i/x‘g 

See Tabic VII 

\'3 

2 

about 2 

about 2 

1 

1 

1 

1 

12 

126 

Solid earthing 

See Table VIII 

2 

2 

about 2 

about 2* 

1 

1 

1 

1 

10 

127 

Petersen coil 

See Table IX 

1 “ 

- 

— 

2 

1 

1 

“ 

1 

11 


* As may bo soon from Table VIII, connections are not symmetrical in the event of dotible earth faults, i.c. the oiwrating times 
differ according to the phases affected. In theory, more even results can be obtained if separate adjustable earth windiiifis are added 
on the auxiliary transformer, and the number of selector contacts is increased to 14. Apart from the undesirable complication, results 
are still not uniform, since the value of earth current In a system with solidly earthed neutral varies in accordance with the relative 
location of the faults and earthing point (or points). Therefore, preference is given to the simpler scheme as in Fig. 126 with only 10 
selector contacts. 
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is given in Fig. 125. The current path of the relay is connected 
to an auxiliary current transformer. Table VII shows which 
transfer relays operate with various types of faults, and also 
indicates which of the auxiliary current transformer windings 
are energized, and by what current. Further, the voltage 


R Y B 



Fia. 125. Single Relay Connection Giving Full Protection 
OF System with Solidly Karthed Neutral 

a,b,c == Starting elements Wj, irg, H's- \ Windings of auxiliary ' 

d =» Residual current relay current transformer 

/, (7 = Auxiliary relays z = Shunt imi)cdancc ( - + TFg) 

supplied to the voltage path of the relay and the resulting 
time factors are indicated. 

If the earth impedance differs considerably from that of a 
conductor, a rough compensation may be achieved by inserting 
suitable series impedances in the voltage circuits; but even 
then the method remains imperfect. 

Better results are obtained with a connection shown in 
Fig. 126, which is also suitable for a system with solidly earthed 
neutral. The respective details are scheduled in Table VIII. 
Where still more accurate operation is desired in the event of 
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single and double earth faults, the earth current can be intro- 
duced as already explained. In view of the great number of 
transfer contacts then required it is preferable in such cases 
to use a connection with three relays. 


TABLE VII 

Operation of Relay Connected as in Fig. 125 


Type of Fault 

Transfer 

Relays 

Operating 

Auxiliary 

C.T. 

Windings 

Energized 

(’urrent in 
Auxiliary C.T. 
Windings 

Relay 

Voltage 

Time 

Factor 

Single«phase earth, R 

0, d, f 


^ R 

^ RB 

about 2 

Single-phase earth, Y 

h, d, f, 0 


~ ^ Y 

V 

BY 

about 2 

Single-phase earth, B 

a, d, f 

Wi 

-'j, 

^ BB 

about 2 

Two-phase short, RY 

6, c 

w. 

^RF 

^ RY 

2 

Two-phase short, RB 

a, c 

IFi 1 1^2 

^ RB 

V 

* RB 

2 

Two-phase short, YB 

a, b 


^ YB 

^YB 

2 

Double earth, RY 

I), c, (Z, / 

w, i 

Ih 

^RF 

about 2 



1 

>^2 

’n 1 

2 




Double earth RB 

a, c, d,f 



^B 

^ 1 



about 2 




equivalent: 








/ A r 
^ r — ‘b 








2 ^ 




Double earth Y B 

a, b, d 



^YB 

about 2 





1 / 'I 




Three-phase short 

RYB 

a, h, c 

•< 

w. 


► 

V 

RB 

V3 




equivalent : 






ir, t u 2 

/ ^7 

^ RY Y FR / 







2 2 J 





An example of a connection using one single relay for full 
protection of a system with insulated neutral and Petersen 
coil, is illustrated in Fig. 127; Table IX shows the results 
obtained with this connection. 

The method employed for selective discrimination between 
two earth faults is of particular interest. Taking as an example 
a fault affecting phases R and the voltage and current 
diagrams at various points of a line are indicated in Fig. 
128. The conditions are those prevailing on a typical 33 kV 
overhead line fed from both ends. From Table IX it will be 
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seen that each relay is energized by the current and those 
between the two faults also by a certain portion of the second- 
ary residual current, which is proportional to the primary 
earth current. The voltage path of all relays between the two 
faults is on the voltage between R and earth, that of relays 


R Y B 



Fig. 126 . Another Single-Relay Connection Giving Full 
Protection of System with Solidly Earthed Neutral 


a, b,c,d — Starting dements 
f,m~ Auxiliary relays 


ir,, Wo, Wo Primary winding 
W/, IVg - Secondary ,, 


of auxiliary 
current trans- 
former 


outside on line voltage resulting primary impedances 

recorded in each station are given in the drawing. Actually, 
only one relay (36) trips its circuit-breaker on the high-speed 
step. A number of others are ready for delayed operation. 

As soon as the circuit-breaker 36 has opened and the line is 
divided into two sections, conditions on the line become 
different. Each half is left with one single earth fault and 
operation continues, if the two halves are fed from two inde- 
pendent sources, without any further interruption. If, however. 
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the two ends are linked together over other paths, the system 
as a whole remains still affected with a double earth fault, 
and the new distribution of voltage and currents is also indi- 
cated in Fig. 128. All relays to the left of station 3 return to 


TABLE Vlll 

Operation of Relay Connected as in Fici. 126 


Type of Fault 

Transfer 

llelays 

Operating 

Single-phase earth, R 

a, d 

Single-phase earth, 1’ 

^*1 d, f 

Single-phase earth, Ji 

b, d 

Two-phase short, RY 

a, c 

Two-phase short, RH 

rt, b, in 

Two-phase short, YB 

b, c 

Double earth, RY 

a, c, d, f 

Double earth, RD 

a, b, d, m 

Double earth, Y'B 

b, r, d,f 

Three-phase short, 

RYH 

a, b, c, m 


Auxiliary 

C.T. 

Windings 

Enorgized 


W, 

n'a h ir, 

w, 

w 


Current in 
Auxiliary C.T. 
Windings 


^ B 

r^x i 


/ 


n 


equivalent : 


W, 


W 

IV, 

»»^3 

ir 

w, 

w 


e<iui valent ; 

o(iuivalent : 


-Ib 

equivalent: 

! (\/ 3 )/ 


lielay 

Voltage 


Time 

Factor 


about 2 
about 2 
about 2 
2 
2 
2 


> 1 * 


about 2* 


about 2* 


2 


normal i nmediately, and only relay 4a continues to operate, 
and eventually causes the complete isolation of the fault in 
phase R. The system continues to operate with phase B on 
earth. In order to achieve this effect, a voltage relay is added 
to a connection as in Fig. 127. A voltage relay is also necessary 
in the case of feeders with open ends, in order to make the 
system equally selective in case two simultaneous earth faults 
occur on different feeders. 


* See footnote to Table VI. 
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{d) Interconnection of Distance Relays. 

Distance relays connected in any suitable manner have one 
disadvantage, viz. that a faulty section is not always dis- 
connected simultaneously at both ends. Where it is necessary 
to achieve instantaneous isolation from both ends for any 


R Y B 



Fig. 127. Completk Protection of System with Petersen Coil, 
BY One Distance Relay 

a, h = starting oloiuents Auxiliary curront transformer — 

d -- Residual current relay — Main primary windings 

/, 9, m ~ Auxiliary relays ]r,j = Adjustable assymmetry windings 

IFg, IFg ^ Secondary windings 
z Equalizing impedance 


position of the fault, the two relays or their tripping circuits 
may be coupled through a pilot wire or by other means, so 
that both circuit-breakers are operated by the one relay which 
measures the lesser distance.* The most complete selectivity 
is thereby obtained, without any additional gear being required 
to extend protection to the bus-bars of intermediate stations, 
or for back-up purposes. 

Fig. 129 illustrates the principle of interconnecting two 


* See Bibliography Nos. 32, 33. 
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high-speed distance relays by means of carrier current trans- 
mission. The relays are those illustrated in Fig. 106 and need 
not be explained again. The letters used for the designation 
of the various contacts correspond to those in Fig. 103. 

TABLE IX 


Operation of Reeay Connected as in Vio . 127 


Type of Fault 

1 

Transfer 

llelays 

Operating 

Auxiliary 1 
C.T. 

Windings 

Einirgized 

Current in 
Auxiliary C, 
Windings 

!t. 

llelay 

Voltage 

Time 

Factor 

Two-phase short, IlY 

a 

• 1 

1 



^ RT 

2 



1 

" 1^2 + \Vi \ 

1 X i 

1 



Two-phase short, liB 

a, b, /, m 

\ 

equivalent : 

\ 

''rr 

2 



1 

. 1 


j 



Two-phase short, YB 

b,f 




^ FB 

2 




r w '2 

Ir 1 







K.W^ 





Double earth, RY 

a, (/, 7H 


. ecpiivalent : < 

► X i 

^RB 

2 




1 ’^2 









Ir 







K.W, \ 

h 




Double earth, RB 

a, b, d, f/, m 


1 equivalent : , 

>• X i 

^'re 

2 




[ 

Cr + \ 







r 

-’r 1 







K.W, 

-Jr 




Double earth, YB 

b, d, /, m 

*< 

1 equivalent : , 

. X i 

^EB 

2 












r ^^2 


1 



Three-phase short. 



w. 





RYB 

a, b, /, m 


} ' 1 ' 'A ' 

1 equivalent : I 

> X J 

^ RB 

2 





J 

1 




The additional gear comprises on either side a transmitter 
S and a receiver M, with coupling condensers C. The trans- 
mitters are normally in use for remote indication or communi- 
cation purposes {F). In the event of a distance relay operating 
an auxiliary relay L is also energized and its change-over 
contact I switches the transmitter into the circuit, and high 
frequency current passes continuously along the line as long as 
contacts ^2 a»nd remain closed. Contact belongs to the 
tripping relay E, and interrupts the transmission of high 
frequency current as soon as one of the tripping relays operates. 

On the opposite end contact I is also switched over, and the 
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receiving relay J keeps its contact j open as long as high fre- 
quency current continues to be received. A time relay Z 
is also set in motion and closes its contact 2: after a short time, 
just sufficient to prevent tripping before the transmitters were 
switched over to relay operation. When 2; has made contact, 




^ b P CL^ 

“b If>--504[0] 

1(C-'670[100](^^ 

0 

la 

[oi y [a 

fo) [oi 

/ -m 


B -I^-53l[70C 

>] -Ibz 




/f = 50 [50] ^ Ie = 1171 [700] ^ —7 Ie-- 0 

V//- — ^ * 





I mpedance 




^ 504 


43 6 a 


15000 

504 


= 2P8a 




27400 

-670 




Artpr trlppmd 
of Circuit - 
breaker 3b: 




23400 

——— = -33-40 

(assumed K=J) 

-700 


O Relaqs not operating. O Relays ready for openatlon. 

• Relays actually operating. 


Fio. 128. Operation of Impedance Relays Connected as in 
Fig. 127 (Table IX) on Double Fakth Fault 

Symbols and figures in brackets refer to conditions after tripping of circuit-breaktr 30. 


the circuit on the opposite end is ready for tripping at the 
instant the high frequency circuit is interrupted, and contact 
j closed. Thus both relays are forced to operate simultaneously. 

In order to achieve high-speed interruption, also in case 
of the line being fed only from one end, and with a fault near 
the remote end, the equipment has been supplemented by an 
under-voltage relay whose contact u energizes an auxihary 
relay T, In this case the contact interrupts the high 

ji— (T.24) 



Station A. Station 
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frequency circuit. In order to give the alarm in case of any fault 
in the high frequency equipment, an alarm relay is always 
installed in connection with the same. A contact pr may be 
added to this relay which makes the two distance relays 
independent of each other. 

Selective Earth Fault Indication. In ring mains or inter- 
connected networks it is necessary to instal relays indicating 
the location of a fault. 



Fig. 130. ('oNNECTioN of Wattmeter 'I'vpe Eai<.th Heeav 


Any fault dealt with by a distance relay, whether its action 
leads to eventual tripping of the breaker or not, is auto- 
matically notified and its location indicated by the position of 
a trailer drum on the relay ; with high-speed relays a flag in- 
dicator shows in which zone the fault is situated, which is at 
least some indication. There are, however, faults that do not 
cause any distance relay to operate, notably single earth faults 
in systems with insulated neutral. 

These faults must also be located, in order to take measures 
for their timely elimination, either by the automatic action of 
earth relays, or by other means. In a system not protected by a 
Petersen coil, the capacitive out-of-balance current would 
be suitable for discrimination. If, however, the earth current 
is suppressed by a Petersen coil, the position of a fault can only 
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be indicated by relays influenced by both the neutral voltage 
and the neutral current, i.e. by “neutral power.” Such relays 
are of the wattmeter type, and must be highly sensitive. 
Their operation is based on the fact that the voltage between 
neutral and earth is almost constant throughout the whole 
system, whereas the leading earth current is highest near the 
fault, and the lagging (coil) current is of constant value between 
the Petersen coil (or coils) and the fault. Both these currents 
have a wattful component due to ohmic resistance and insula- 
tor leakage. The two wattful components add together and the 
resulting wattful current increases gradually towards, and 
is highest at, the fault. The connections of such an earth 
indicating relay which, being of the wattmeter type, has of 
course directional properties, are shown in Fig. 130. 



CHAPTER VIII 

L.T. NETWORKS 

General. In densely populated city areas the consumption 
of electricity has reached dimensions which supply authorities 
sometimes find difficult to handle with the existing distribution 
plant. New cables liave frequently to be added, or new sub- 
stations to be interposed between existing ones. 8uch gradual 
alterations, though of little importance individually, tend in 
their aggregate effect to make the whole system complicated 
and liable to undesirable incidents. Most existing l.t. networks 
are found to be the aggregate result of many hundred local 
extensions and al erations, rather than a well-planned scheme. 

In view of the gradual increase of electricity consumption, 
this state of affairs cannot always be helped. The result, 
however, is an unnecessarily large number of substations. 
In order to reduce the cross-sections of cables, and with a 
view to keeping the voltage drop reasonably low, it is, of course, 
desirable to have every consumer fed from as many adjoining 
substations as possible. From this point of view there are three 
distinct systems of l.t. distribution, viz. — 

The open network in which each substation feeds into its 
own section only ; 

The partly interconnected network in which a limited 
number of sections are interconnected, normally across 
high power fuses ; and 

The fully interconnected network which consists of a solid 
grid of l.t. cables over the whole area of a district, with all 
substations feeding into it. 

Fully Interconnected Networks. This last system has the 
obvious advantage of excluding the possibility of the inter- 
ruption of supply to any one section (unless the whole of the h.t. 
supply breaks down), provided the following conditions are 
suitably fulfilled — 

(1) l.t. faults must clear themselves on the spot, so as to 
affect a minimum number of consumers only ; 

(2) suitable means must be provided for dealing with the 
very high reverse currents occurring in the event of a 
faulty h.t. feeder or transformer; 

157 
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(3) the scheme must be applicable to existing networks 
without costly alteration and, if possible, should bring about 
a reduction of initial and running expenses. 

Before deahng with these three fundamental requirements 
in greater detail, it may be mentioned that the Berlin Elec- 
tricity Supply Co. (BEWAG), in co-operation with the A.E.G., 
solved them to their fullest satisfaction, and also found a 
number of incidental advantages (see below) attaching to inter- 
connected operation. This form of operation of l.t. networks 
has, in fact, been standard practice in a number of towns in 
the U.S.A. for many years; all these installations, however, 
are operated with voltages of only 125/216, and, therefore, 
American experience and apparatus could not be relied upon 
when voltages of 220/380 or 230/400 had to be dealt with. 

Clearing of Faults in the L.T. Network. Two methods 
present themselves for consideration, viz. 

(a) the use of fuses at junction points ; 

(b) the “burn-out” method, with the cable itself acting 
as a fuse. 

Which of the two ought to be applied depends on a variety 
of factors, including the voltage, the type of cable, the depth 
and method of burying cables, the properties of the soil, 
network arrangement, etc. 

(a) The Fu.^e System. In the event of a short-circuit or earth 
fault in a fully interconnected network, very high currents 
will flow into the fault ; at a comparatively small distance 
from tlie fault, however, currents will be only a fraction of the 
total fault current, due to the multitude of paths available. 
In order to limit the interruption of service to the faulty cable 
section, junction point fuses must be able to deal with the 
maximum short-circuit currents which can possibly occur, 
and on the other hand, must act with considerable delay at 
lower currents. Fuses complying with these conditions were 
not available until a few years ago. As an example, the 
characteristics of a recent type of junction point fuse are given 
on p. 159. 

With very high currents, the interruption is so rapid as to 
occur before the peak of the short-circuit current is reached, 
so that the current actually broken is considerably lower. 

To give this result the fusible element must be designed with 
as small a thermal capacity as possible so that the pre -arcing 
period on short-circuit is a minimum. 
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During the arcing period immediately following cutting off, 
the interaction of the arc with the fuse filling inserts a gradually 
increasing resistance in the arc path, resulting in a smooth 
fall of current to zero without any excessive pressure rise in 
the circuit. 


Short -ciiTuit Curront ! Fusing Time 


40 000 A. 
20 000 „ 
10 000 „ 
f) 000 „ 
2 500 „ 

I 000 „ 


O-OOl) s 
0-02 „ 
O-OS „ 
0-4.4 „ 

*) 

42 ", 


These fuses are of such size and design that they can be 
installed in existing junction boxes. Fig. 131 illustrates a 
typical design. 



Fig. 131 Jun(!Tion Box Fi sk 

{Englhh Electric, (’o.) 


(h) The Burn-out System. While the blowing of junction-box 
fuses cuts out a whole cable section, the effects of a fault can 
be further localized by relying on the cable itself to burn out 
in the immediate neighbourhood of the fault. With this 
system of protection, the heaviest short-circuit will interrupt 
the supply to one or a few houses only, and under favourable 
conditions to none at all. Of course, many objections have 
been raised against this crude method, and therefore the Berlin 
Electricitjr Supply Co. have carried out extensive model and 
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service tests.* These tests were made on various types of 
cable laid in air, in sand with brick covering, in steel tubes and 
in fibre tubes, and led to valuable conclusions. They have 
established the fact that all faults to earth, and also phase 
shorts up to a current of 18 000 A, have invariably been cleared 
in less than 3 sec. by the cable’s burning out. Hence, a number 
of interconnected network districts in Berlin were fitted with 
reactors limiting the maximum short-circuit below that value, 
and have been operating satisfactorily without fuses for a 
number of years. 

Conclusions, In view of the undoubted success of the two 
alternative systems, it is not possible to state, in a general 
way, which should be given preference. This decision will 
have to bo made on the special merits of each individual case. 
At any rate, the protection of a network against l.t. faults 
may be considered as no longer offering any difficulties, and 
this achievement has cleared the road towards interconnecting 
of 230/400 volt networks, with its enormous technical and 
economic gains. 

Faults in H.T. Feeders or within Substations must be 
dealt with from two aspects — 

(a) For the purpose of clearing a faulty feeder on the high 
tension side, the supply ends of h.t. feeders must be protected 
by circuit -breakers of sufficient rupturing capacity, operated 
by suitable excess current, differential, directional or distance 
relays. 

{b) A faulty h.t. feeder, with the l.t. system fully inter- 
connected has current fed back into it from the l.t. side across 
the transformer station (or stations) connected to this feeder. 
Hence, a protective device against reverse power becomes 
necessary in every substation. This device takes the shape of 
a reverse power relay tripping an l.t. circuit -breaker in the 
event of current flowing from the network into the substation. 

On the other hand there is no need, nor is it desirable, for a 
substation to be equipped with any excess current protection 
against forward current, either on the h.t. or the l.t. side. 
The circuit -breaker must be capable of withstanding the 
maximum l.t. short-circuit current for several seconds, so as 
to allow the necessary time for the l.t. fault to clear itself 
locally, either by means of junction box fuses or the fusing 
of the cable itself. 


* Bibliography No. 71)f 
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If the substation transformers are to be protected against 

internal faults between turns which do not cause an excess 

current or heavy unbalance, Buchholz relays may be installed ; 

in this case a circuit -breaker is required on the h.t. side, or a 

pair of pilots for tripping the main circuit -breaker of the 

h.t. feeder. This, however, is often 

• 1 1 rill 1 H.TFeeder 22 or 33 kV 

considered unnecessary. Ihe normal - t” 

practice is to use the Buchholz Relay 

for giving an alarm, and to omit h.t. ^Isolator 

switchgear altogether. L 

The substation tlius simplified (see ^ ^ , 

Fig. 132) contains no h.t. switchgear, Buchh^day 

with, of course, the exception of 

isolating switches. On the low ten- Transformer 

sion side of the transformer are the I 

reverse power breaker, an ammeter, I 

and the load-sharing reactor. I ^^Breaker'^^'' 

Advantages of F ully Intercon- 
nected Networks. It is obvious 
that in a system on the above lines, 
an l.t. fault can only bring about an 
interruption of supply to a small Sharing 

number of consumers close to the Reactor 

faulty point ; an h.t. fault only causes 
the substations on the affected feeder 

to be separated from the l.t. net- 230 V 

work, without the l.t. supply being "] | LJ.Fecders\ | 

interrupted anywhere. In the event _ 

^ ^ x* IQ 132 Distribution 

of one or several substations being for Intkr- 

disconnected, their load is taken over connkctkd Networks 

by the neighbouring substations. It abseTite of an h.t. 

t/ CP f*i r( *1 1 1 1 • oron K OF 

is, of course, desirable that sub- 


Buchhoiz Re/au 

□ 

^ Transformer 


^ Reverse Power 
Breaker 


Load 
I Sharing 
Reactor 


I 230l400V 

j I LJ.Peeders\ [" 

Fia. 132. Distribution 
Substation for Inter- 

CONNRCTED NETWORKS 

Noto tho absence of an h.t. 
eireuit-broakor. 


stations should share this load evenly, so that no individual 
one is unduly overloaded. This aim is easily achieved by means 
of iron packets placed round the leads on the l.t. side. 

Provided the reverse current relays are made sufficiently 
sensitive, the system outlined above also permits the arbitrary 
disconnection of any number of transformer stations, in order 
to save their no-load losses in times of light load. Nothing 
has to be done for this purpose but to open the appropriate 
feeder circuit-breaker in the power station (or main h.t. switch- 
ing station) ; no pilot wires are required. Immediately^ a 



162 PROTECTION OF ELECTRIC PLANT [Chap, VIII 

substation is deprived of its h.t. supply, it will take its no-load 
current from the l.t. network; in other words, reverse power 
flows across the reverse power relays and trips the breaker. 

Whether or not it is desirable to make use of this facility 
for the purpose of economizing light load transformer losses, 
depends upon local conditions. It must be borne in mind that 
the saving will be obtained at the expense of increased copper 
losses in the l.t. networks, so that in the majority of cases it 
would be better to give the reverse power relays a less sensitive 
setting and thereby improve the reliability of the whole system 
in case of heavy faults. 

Reclosing of the reverse -power breaker is of course automatic. 
It is again achieved without using pilot wires.* Simply by 
closing the appropriate feeder breaker in the power station, 
the reverse -power relays are subjected to a differential voltage, 
and, if the network voltage is below a predetermined value 
(i.e., if the substation under reference is required), the reverse 
power breaker closes. 

By interconnecting an l.t. network into one solid grid the 
voltage becomes practically independent of heavy local current 
peaks, and even with a plain short-circuit, the drop is only 
noticeable in its immediate surroundings for about 01 sec. 
This fact permits the use of large squirrel cage motors without 
special provision for the reduction of starting currents, a great 
inducement indeed towards more extensive use of electricity ! 

Another important advantage of low-tension grids is the 
absence of automatic h.t. switchgear in the substations. This 
fact makes it possible to dispense with an intermediate voltage, 
and to connect distribution transformers directly to the 22 
or 33 kV supply. 

All these advantages are so substantial that, in the author’s 
opinion at least, in point of reliability and economy of operation 
they render the interconnected system the most satisfactory 
yet devised, but there are two serious obstacles in the way of 
its application, viz — 

The difficulties involved in converting existing networks 
to the new system, and 

The failure of existing l.t. switchgear to comply with re- 
quirements, without exceeding the sometimes very limited 
space available in the transformer stations. 

Regarding the first point, an interesting example is furnished 

♦ Alternatively, where pilots are available, these can take oyer the function 
of the reverse-power relays. 
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by the measures adopted by the Berlin Electricity Supply Co., 
to extend their network, and to effect a gradual conversion in 
the most advantageous manner. Where new substations or 
new cables would formerly have been needed, interconnecting 
is carried out instead. As a result, interconnected districts 
gradually increase in size. By such means, at the end of, say 



Fig. 133. Compgetk Rkverse Power Cikcuit-hreaker 
FOR 230/400 V, 600 A. 

(A.E,Q.) 

ten years or more, the whole of a town can be converted without 
any noticeable increase of expenditure. 

Regarding the second difficulty, a great deal of design work 
has been devoted to the development of a reverse-power 
breaker complying with the conditions indicated above ; 
the realization of such a breaker was considered impossible a 
few years ago. Fig. 133 illustrates a 600 A reverse-power 
breaker of the latest pattern, suitable for short-circuit currents 
of 30 000 A, and incorporating all relays and additional gear 
within a space of little over 2^ ft. x 2 ft. X H ft. 
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Economically, interconnected networks, with all their 
technical advantages, are only applicable to densely populated 
urban districts. 

Earth Faults. The ‘‘Station” Switch. It is of great im- 
portance that earthed parts of electric appliances for domestic 
or industrial purposes should not, under any circumstances, 
acquire a dangerous potential. Under prac- 
tical operating conditions, it may happen that 
a fault between a conductor and the earthed 
neutral causes a dangerous potential on the 
iieutral wire and on all parts earthed through 
it ; at the same time the fault current may 
be too small to blow a fuse. This is parti- 
cularly likely where an isolated consumer is 
fed through a long line of small cross-section, 
or in old installations where wires of small 
section are in use. In all such cases the cur- 
rent in the neutral wire may be high enough 
to cause a bad distortion of the voltage 
vector diagram, which may lead to the burn- 
ing-out of lamps. 

Whereas the current in none of the con- 
ductors may be high enough to cause a fuse 
or circuit-breaker to operate, the neutral cur- 
rent furnishes suitable means of dealing with 
such faults. A “station ” switch — the design- 
ation is derived from the fact that, contrary 
to other means of consumers’ protection the 
apparatus is installed at the substation — is 
a triple-pole circuit-breaker with a tripping coil connected in 
the neutral. Of course, the neutral tripping coil may also be 
fitted to circuit-breakers, having besides, normal overload and 
short-circuit releases. 

The “station” switch will safeguard a system from all single 
earth faults, except in two cases, which are, earth faults with- 
out metallic connection to the earthed neutral, and breakage 
of the earthed neutral wire itself. Against both these contin- 
gencies, the addition of a leakage coil of the Heinisch Riedl 
type (see Chapter IX) will make the station switch afford 
complete protection. 

Over-voltage Protection. Where low tension lines are carried 
overhead, surge protection is required just as on h.t. systems. 
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I'lQ. 134. Cross 
Section Through 
A Cas-fillkd Dis- 
charge Tlihe for 
230 V. 
iA.E.a.) 

1,2 — CarrifT rods 
3, 4 — Annular-bhaix'd 
rat hodos 

5 Arc-proof insul- 
atin'^ barrier 
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A gas-filled discharge tube has been found most suitable for 
this purpose. The operation combines great accuracy with very 
low time lag. Arresters of this type are connected between each 
phase wire and earth, and are available for installation indoors 
or out-of-doors. In outdoor installations the tube may be 
protected by a metal sleeve. 

The principle of operation may be seen from the cross-section 
shown in Fig. 134. The two sealed-in parallel rods 1 and 2 each 
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Fig. I.‘i5. Oscillogram Suowino the Effect of 
A Gas-filled Discharge Tube 

Toj) line: Surge on an unprotected 230 V system. 

Bottom line : Suppressed surge. 

{A.E.a.) 

carry inside the glass tube an annular-shaped cathode, 3 and 
4. The carrier wires are arranged concentrically in respect of 
the cathodes, and serve as anodes. Thus, there are two dis- 
charge arrangements separated from one another by an 
arc-proof insulating barrier 5. A small damping resistance is 
connected in series with the discharge tube. 

Fig. 135 illustrates the action of a discharge tube. The top 
oscillogram depicts a surge on an unprotected system. As 
will be seen from the second oscillograph record, the surge 
is quenched to about 4 per cent of its original value within a 
fraction of one-millionth of a second, so that it is rendered 
entirely harmless. 




CHAPTER IX 

CONSUMERS’ INSTALLATIONS 

It is the concern of the supply undertaking to see that an un- 
interrupted supply of energy is available for the consumers’ use, 
at a voltage neither above nor below a declared value. Further, 
the supply authority, in order to protect its plant against 



Fia. 136. TyI’ICAT. noW-TENSION Cikcuit-bheaketi with 
Air-bheak Contacts 
{Siemem Schuckert Werke) 


every possible reaction from faults occurring within the con- 
sumers’ premises, installs main fuses or an automatic circuit- 
breaker at the terminals of supply. 

The consumer, on the other hand, is interested in the 
continuous use of current in accordance with his requirements. 
He, therefore, installs such protective gear as will guard against 
the operation of the supply undertaking’s main fuse or circuit- 
breaker, to safeguard his own motors, lamps, etc., and to avoid 
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damage to his premises by fire or otherwise. Hence, all con- 
sumers’ protective gear is, as a rule, instantaneous acting and, 
where grading is required, this is preferably achieved by graded 
current settings. 

The u^ of circuit-breakers is gradually superseding that of 
fuses. fuse is mainly a means of protection against short- 
circuits, and it is less effective 
in the event of persistent 
overload. A well-designed 
circuit-breaker takes care of 
both types of fault and is. 
moreover, more economic, in- 
asmuch as it is easily reclosed, 
without loss of valuable time. 
jFor industrial applications, 
ithe remote- operated con- 
,tactor-type breaker is much 
in use. The air-break (Fig. 

136), and oil-break (Fig. 137) 
types are both equally satis- 
factory. Ironclad or ex- 
plosion-proof enclosure may 
be employed where necessary. 

Motor Circuits. Circuit - 
breakers controlling motor 
circuits are usually fitted with 
under- voltage release, in addi- 
tion to excess-current releases 
in two or three phases. On 
correctly designed breakers, separate trip devices are used 
against short-circuits and overload. These automatic features 
may, alternatively, be fitted to the starting gear, but it is better 
practice to mount them on a circuit-breaker of sufficiently high 
rupturing capacity, and to prevent inadvertent operation by 
a simple interlock between the breaker and the starter. For 
cranes and other multi-motor equipments, one circuit-breaker 
is used for the combined protection of all motors and is fitted 
with instantaneous -acting short-circuit protection, and in 
addition with overload releases in each motor circuit. 

In large industrial installations the problems of distribu- 
tion are similar to those in densely populated areas. An 
interconnected l.t. network protected by reverse power 
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Fig. 137. Otl-immeiised Contactoh 
Type CmciriT-BiiEAKEii, 400 V, 60 A. 
llupturhig capacity lOOOi) A. 
Diinonsions : 10 x 8 x 12 in. 

{A.E.G.) 
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circuit-breakers offers, in certain cases, a good solution. For 
particulars see Chapter VIII. 

Much of the protective gear actually installed in industrial 
plant cannot withstand a critical survey. When planning such 
gear, more attention than is at present usual should be paid 
to the actual requirements, both regarding short-circuits and 
overload. 

The maximum possible short-circuit current for each circuit 
should be ascertained by calculation, and the magnetic release 
should be set accordingly. Of course, no gre^' accuracy is 
required for the purpose of such a calculation. /In view of the 
lowering influence exerted by the arc resistance and by the 
resistance of contacts, the error will invariably be on the high 
side. The resulting short-circuit current is determined by the 
resistance and Teactar^ of the complete circuit from The 
power station to the fault. The resistance of generators and 
transformers may be neglected; as to their reactance, if it is 
not known, it will be sufficiently accurate to assume average 
values, 

j All values must, of course, be referred to the voltage of the 
/^circuit-breaker, i.e. they must be multiplied by the square of 
the ratio of transformation. If, for instance, the reactance of 
an alternator at a voltage of is the corresponding 
imaginary reactance Xg in a circuit of volts is 

A, . . . (26) 

The method of calculation may be demonstrated by a short 
example. A three-phase short-circuit be assumed to have 
occurred in a 400 V feeder of the system illustrated in Fig. 
138 from which the conditions assumed^ and the process of 
calculation will be clear. 

The resulting fault current is the r.m.s. value of the moment- 
ary short-circuit current, not considering the d.c. component. 
Since consumers’ installations are as a rule connected to the 
power station through lines and transformers of high reactance, 
the continuous short-circuit current is, as a rule, not much 
lower than the first half-cycle. 

' By the short-circuit current flowing in case of a fault 
‘immediately behind a circuit-breaker, the required rupturing 
capacity and the setting of the instantaneous magnetic release 
are determined. 

On the other hand, the maximum permissible current for 
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motors and cables determines the setting of the thermal 
overload release or overload relays, and also the characteris- 
tics of inverse time lag, should this be used. This characteristic 
must be adapted to existing conditions, and not be selected 
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Fig. 138. Typical Example of Short-circuit Current Calculation 


because it happens to be the manufacturer’s standard. The 
very object of overload protection would be defeated, were the 
current-time setting more than just a few per cent higher than 
the permissible maximum. If this is not appreciated, and 
an arbitrary high setting is used, it will be better to install 
fuses or circuit-breakers with magnetic release only, thereby 
saving the extra expense. 

Lighting Circuits. Fuses. In lighting circuits the aim of 

12— (T.24) 
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protection is not so much the protection of lamps as the 
safety of the whole building or vessel from fire, due to excessive 
heating of an overloaded conductor. 

The protective value of fuses, and more particularly of 
bare fuse wires, is to a certain extent problematic, since there 
is nothing but a regulation to prevent users from increasing 
the size of fuse wires, should they find frequent blowing of fuses 
inconvenient. With cartridge -type fuses it is made more 
difficult to increase the fuse rating arbitrarily, since it is 
necessary to exchange the fitting (gauge 
ring or contact screw) as well in order to 
insert a cartridge of higher rating. 

The difficulty of correct protection for 
domestic lighting and general circuits is 
accentuated by the fact that it has been, 
and in spite of the new revised regulations 
will to a great extent remain, common 
practice not to install separate fuses for 
each sub-circuit. Hence the danger of over- 
loading one sub-circuit without blowing a 
fuse is always imminent. 

Miniature Circuit-Breakers. The appli- 
cation of miniature circuit-breakers with 
overload and short-circuit releases cannot be recommended with 
too much emphasis; in fact, their use has been made com- 
pulsory in several districts abroad. In Germany alone, about 
five millions of miniature circuit-breakers are actually installed. 
There are, however, not many designs whose rupturing capacity 
and other properties are adequate. 

These circuit-breakers are encased in a sealed porcelain body 
and are not adjustable. Hence the consumer is prevented from 
increasing the overload and short-circuit settings. A typical 
model is illustrated in Fig. 139, while Figs. 140 and 141 explain 
the mechanical operation. The central push button I when 
pushed in, closes the circuit. The release may be effected 
by pressing the small push button k on models provided with 
this extra push button, or by overloading or short-circuiting. 
The flow of the current is indicated in Fig. 141 along the broken 
line. The operation is as follows : — The current flows through 
the coil a, passing through contact h and g to the bi-metal 
strip o. On small sustained overloads the bi-metal strip 
heats up, bends, and at a certain point releases its hold on 



Fig. 139 . Typical 
Miniature Cikcuit- 

BREAKER 
{Stotz A.G.) 
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the lever n, which, in turn, causes the lever fitted immediately 
above it to rise and release its hold at the elbow connecting 
the arms e and m. In this manner the catch is released and, 
accordingly, opens the circuit be- 
tween the contacts h and g. Simi- 
larly, on heavy overloads and 
short-circuits, the solenoid operates 
the switch. In this case, however, 
the centre core c is attracted up- 
wards by the fixed core ft, and 
thereby pushes the centre rod d 
upwards against the release arm, 
repeating the operation described 
previously. The connecting arm 
m, is not fixed to the contact arm 
e, but engages in a groove pro- 
vided for it. In tliis manner, the 
release action can take place with- 
out the operating push button I 
rising. The switch cannot, there- 
fore, be held in against a short- 
circuit or overload, and is thus 
proof against outside interference 
which might cause damage. 

The whole mechanism is fitted 
in its own framework independent 
of the porcelain, so that the work- 
ing remains unaffected if the ex- 
ternal casing were damaged. 

According to whether the breaker 
is used for the protection of light- 
ing or power circuits, a different 
ratio between overload and short- 
circuit setting, and a different 
overload characteristic are applied ; 
thus the breakers are made suitable for any class of work, 
for current ratings up to 25 A at 400 V. In Fig. 142 the 
tripping characteristic of a wiring-type circuit-breaker is 
compared with the fusing characteristics of an equivalent 
fuse and of the corresponding size of rubber-insulated cable. 
According to British Standard Specification No. 88, a 5 A fuse 
must sustain a current of 8 A during 30 min., but must be blown 
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Fia. 140. Cuoss-SKUTioN 
Through Miniature 
Circuit-breaker 

a ~ Magnetic trip cuil 
b - ^ Fixed core 
c Movable core 
d - Connecting rod 
e = Contact arm 
g, h Contact 
k,i = Tripping push button 
I = Closing push button 
m ^ Connecting arm 
n ~ Heleasing lever 
0 ~ lii-metal strip 


{A.EM.) 




Fig. 141. Operation of Miniature Circuit-breaker 


Left; closed Right: open position 


a — Magnetic trip coil 
b ^ Fixed core 
c Movable core 
d ^ Connecting rod 
e — Contact arm 
y = Spring 
g, h ^ Contact 


k, i — - Tripping push button 
I = Closing push button 
m Connecting arm 
n -- Releasing lever 
o = Bi-metal strip 
p - Spring 


(A,E.G.) 


is given in Table X. It will be seen that the factor of safety is 
not too good under continuous overload, but is unnecessarily 
high in the case of short-time overloads. The latter feature 


TABLE X 


Excess Current Performance of Fuses and Circuit-breakers 


Duration 

of 

Overload 

1/0*044 in. 
V.I.R. 
Cable 

5A 

Fuse 

6A Elfa 
Circuit-breaker 

Min. 

^max 

^max 

Factor of 
Safety 

1 ^max 

Factor of 
Safety 

1 

39 

9*7 

3*77 

11*8 

3*30 

2 

30 

9*6 . 

3*13 

11*0 

2*72 

6 

21 

9*5 

2*21 

10*5 

2*00 

10 

18 

9*5 

1*90 

10*0 

1*80 

30 

15 

9*5 

1*58 

8*0 

1*87 

over 60 

14*5 

9*5 

1*53 

7*5 

1*93 
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causes the frequent blowing of fuses without necessity. In 
the same table, the corresponding figures of a miniature circuit- 
breaker with thermal overload and magnetic short-circuit 
protection, for a nominal current rating of 6 A are given for 
comparison. Though 20 per cent more load is permitted on the 
same cable (and still more might in fact be allowed) the safety 
factor under continuous overload is actually even higher; for 



Fig. 142 . Fusing or Tripping Characteristics of Cable, 
Miniature Circuit-breaker and Fuse 


heavy temporary overloads, the factor of safety is more reason- 
able than that of a fuse. In addition the settings of cireuit- 
breakers are, of course, much more accurate, so that higher load 
currents may be permitted. At the same time real safety is 
obtained if, instead of fuses, correctly designed circuit-breakers 
are used. Auxiliary contacts may be fitted for special purposes. 
Any number of breakers may, of course, be combined in dis- 
tribution boxes (Fig. 143). In view of the exceedingly small 
overall dimensions (2 in. dia. x 4-| in. high, for the screw type), 
the rupturing capacity is amazingly high. The types referred 

J ave been found to stand many hundreds of short-circuits, 
currents up to 1 500 A. 

Leak^eJProtection. A great number of fatal accidents 
have'^^oFcTuff^^FiT p^'r^'ns^^^ earthed parts of electrical 

apparatus. It is often assumed that the installation of an 
earthing device is a satisfactory safeguard against earthed 
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parts assuming a dangerous potential to earth. However, the 
earth resistance varies with the condition of the soil, and the 
safety achieved is often imaginary rather than real. Under 
favourable circumstances the voltage which may involve danger, 
may be as low as 65 V with human beings and about 24 V with 
domestic animals. 

The practice of connecting all earthed parts to an earthed 
neutral wire is satisfactory if carried out with the necessary 



Fia. 143 . Ironclad Distribution Box with Miniature 
Circuit-Breakers 
{Wm. White Co.) 

care (see also Chapter VII 1). Even then, however dangerous 
voltages can arise where the combined resistance of the earth 
circuit is too high, and consequently the fault current too low 
to operate the fuse or the excess current release of the circuit- 
breaker. 

Very reliable protection may be achieved by means of the 
Heinisch-Riedl earth leakage coil, a simple device which can 
be fitted to any type of l.t. circuit-breaker or switch. 

The principle of the Heinisch-Riedl system is illustrated by 
Fig. 144. The protected parts are connected to a terminal 
K, Another terminal H is earthed. Between K and H a 
leakage coil is connected which trips the switch when the 
voltage exceeds 65 (or 24) V. Full safety is still obtained with 
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an earth resistance as high as several hundred ohms. 
testing knob enables it to be ascertained at any time whether 
the device is operating properly. All switches and circuit- 

breakers controlling motors, 
cookers, stoves, or any 
other appliances with metal 
casings, should be fitted with 
a leakage coil. An illustra- 
tion of a 25 A Heinisch- 
Riedl switch is given in T '’ig- 
146. 

That the value of this 
device is fully appreciated 
is showTi by the fact that 
the latest (1934) edition of 
the I.E E. Regulations for 
the Electrical Equipment of 




Fio. 144. Connections of Fahth 
Leak ACE Switch 

a — Circuit fuse e Earth 

b -- Protected metal ea.siii^i H, K - Terminals 
c — Leakage trip-coil O iVential wire 

d - Test knob li Phase wire 


Fig. 145. Eahth Leakage 
Switch, 25 A Size 
(d.A’.t;.) 


Buildings specifies its use in all cases where the earth resistance 
exceeds one ohm. 

Protection of Electronic Valves. Valves are particularly 
sensitive to excess voltages. Their protection by efficient 
surge arresters is, therefore, advisable. Discharge tubes such 
as are described in Chapter VIII (see Figs. 134 and 135) 
offer full safety, and may with advantage be installed in 
connection with any sort of control gear, or other apparatus 
(including wireless sets) comprising electronic valves. 


CHAPTER X 

THE PROTECTION OF D.C. CIRCUITS 


D.C. Circuit-Breakers. The interruption of a direct current arc 
is much more difficult than interrupting an alternating current 
arc. In the latter case, the current passes through zero at the 



Fio. 146. Hioh-curkent D.C. Circuit- brp^aker 
{A.E.u.) 

end of each half cycle, and alLthat has to be done is to prevent 
restriking.* With d.c., however, the arc must actually be 
broken. Therefore, d.c. switchgear is designed with a view to 
high speed separation of the contacts and means are provided 
* Seo Chapter IT, p. 20. 
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for blowing out the arc. The action of a strong magnetic 
field is most suitable for this purpose. 

The high currents often met with in cl.c. installations call 
for special designs of main and auxiliary contacts. A large d.c. 
circuit-breaker is illustrated in Fig. 146. 

High Speed Circuit-Breakers. Modem d.c. circuit-breakers 
of the high speed type are mainly used for the protection of 



Fig. 147 . “(Jeahapid” Type High-speed Cikcujt-bkeakek 
.^OOO V, 1000 A 
{A. EM.) 

converters or rectifiers, and interrupt the current within about 
r/W sec. This delay is so short that the current, due to the 
reactance of the circuit, does not have time to rise to more than 
a fraction of the ultimate short-circuit current. 

A typical recent design is illustrated in Figs. 147 and 148. 
Tn order to achieve high contact speed from the first instant of 
motion, the armature (2) is not directly connected to the 
movable contact arm, but transmits its energy to the contact 
by impact. Thus, in contrast to older types, the contact speed 
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is highest in the beginning and decreases before the contact 
comes to rest, thereby avoiding wear due to sudden stopping. 
Breakers of this type can be built with or without directional 
features, for automatic or hand operation, and for all voltages 
and currents practically occurring in d.c. installations. 

Protection of D.C. Generators and Converters. In view of the 
fact that d.c. generating plant is, as a rule, of moderate capa- 
city, the requirements in re- 
spect of rupturing capacity and 
relay operation are far less 
stringent than those for a.c. 
protection. 

Generators or converters are 
protected by excess current and 
reverse power releases. The 
latter is of particular importance 
in the case of compound-wound 
machines, where the reverse 
current in the series winding 
causes a dangerous speed rise. 
Compound-wound machines, 
even those of small size, must 
not, therefore, be protected by 
fuses. 

Fuses are also unsuitable in 
connection with three-wire ma- 
chines where the interruption 
must take place simultaneously 
in both outers. 

In the case of large d.c. gener- 
ators and converters, excess 
current protection is usually combined with a field-weakening 
device. On the a.c. side of converters, no-volt release is an 
essential feature. 

Protection of Rectifiers. Considerable excess voltages can 
occur in rectifier plant in the event of high overload when the 
rectifiers are cold. Suitable excess voltage arresters must, 
therefore, be connected between the transformer terminals and 
earth. No further protective gear is needed except the main 
h.t. circuit-breaker protecting the transformer to which the 
rectifiers are connected. The secondary star point is brought out 
and acts as the negative pole of the d.c. system. In the case of 



Fig. 148. Pkincjifle of “Gear- 
apid” Type High-speed 
Circuit- BREAKER 

1 — Holding magnet 

2 = Moving armature 

3 = Tripping magnet 

4 = Movable contact 

5 Springs holding the armature 

6 — Handle 

7 — Contact spring 

8 — Pawl 

9 = Tripping Lever 

10 = Tripping spring 

11 => Locking rod 

(A.E.G.) 
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steel tank rectifiers, this negative pole is led through a high- 
speed breaker with forward and reverse current releases. 
The usual procedure is to provide instantaneous action on 
reverse current, and a time delay on forward excess current. 
In order to prevent a defective rectifier being connected to the 
d.c. bus-bars, the sequence of switching operations is regulated 
by interlocks in such a way that no high-speed breaker can 
be closed unless the h.t. cii*cuit-breaker has been closed first. 
A selective relay is also provided for each rectifier, which causes 
the tripping of both breakers in the event of a reverse current, 
but trips the high-speed breaker only, when a fault occurs in 
the d.c. system. Contact type vacuum gauges make it im- 
possible to reclose the breakers unless the vacuum in the tank 
is adequate. Contact thermometers are installed for auto- 
matic interruption in case of excessive heating of a rectifier. 

Glass -bulb rectifiers are practically immune from back-firing 
and require no reverse current circuit-breakers. It is con- 
sidered sufficient to install quick-acting fuses in each of the 
anode leads. Provision has to be made against failures of the 
cooling fan. This is achieved by means of an air baffle, or a 
no -current relay. 

If rectifiers are fitted with grid control, excessive fault 
currents can be interrupted in a most convenient and simple 
manner by applying such a potential to the grids that the 
maintenance of an arc is made impossible. This may be achieved 
by means of a current transformer in the d.c. mains, and a high- 
speed relay connected to its secondary winding. In this 
secondary winding, direct current is generated as long as the 
current through the primary winding is rising. Thus, a grid- 
controlled rectifier can be made to act as its own circuit- 
breaker. 

D.C. Feeder Protection. On traction feeders, single pole high- 
speed circuit-breakers operating on forward current only, are 
used. In order to avoid reclosing (automatic or by hand) on 
a dead short, a test contactor and resistance are installed in 
parallel with each high-speed breaker, so connected that they 
are inserted before the main circuit-breaker is closed. 

Protection of Accumulators. Lead batteries and other types 
of electric accumulators require protection both in the charg- 
ing and discharging circuits. 

In the discharging circuit, excess current circuit-breakers or 
fuses suffice ; the latter, however, must not be used in three- wire 
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systems, as the blowing of one fuse would leave one of the two 
circuits energized. 

In the charging circuit reverse current protection must be 
provided, except when charging by means of a glass bulb 
rectifier. It is further recommended to install an automatic 
device to prevent excessive charging. Though the correct state 
of charge is indicated by the terminal voltage, contact volt- 
meters are not suitable, as the voltage rise during the final 


Charging period ~ hours 

1 2 3 4 5 6 



Fig. 149 . Charging Curve of Lead- acid Accumulator Cell 

Point A is a dolinito instant which may be used for energizinfi the tinie 
el<!ment of a I’oeiiler switch. 

phase of the charge is very slow (see Fig. 149), and the in- 
accuracy of these instruments may allow the charge to be con- 
tinued for hours in excess of the permissible time. A very 
successful method of avoiding this deficiency of the contact 
voltmeter is applied in the Poehler charging switch. This 
device consists of a contact voltmeter making contact, not when 
the full voltage is reached, but considerably earlier, at a voltage 
of about 2*4 V per cell (point A in Fig. 149), and a time element 
which is set according to the battery characteristic, so as to 
interrupt the charging circuit when the charge is completed. 
The correct time lag varies with the type and capacity of cells. 
The arrangement of the combined device is illustrated in Fig. 
150. The result of its application is a considerable increase of 
the life of accumulator plates. 

Earth Leakage. Where the mid wire or one pole of a system 
is earthed, an earth fault is equivalent to a single-pole short 
circuit, and is dealt with by the excess current relays or fuses. 

If both poles are insulated, an earth relay is connected as 
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shown in Fig. 151. An artificial midpoint is obtained by means 
of a symmetrical auxiliary resistance, and the relay is con- 
nected between this midpoint and earth. 



Fig. 150. Poehler Type Battery Charging Switc h 


Excess Voltage Protection. Where direct current feeders are 
carried overhead, the machines and other gear connected to 
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Fig. 151. Connection of Earth-leakage Relay in a D.C. 
Two -WIRE Plant 
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them require protection against over-voltage. Here, the cell 
arrester is holding its own. It consists of aluminium electrodes, 
immersed in a suitable electrolytic liquid. The formation of an 
oxide film round the electrodes makes the normal resistance 
very high. When a voltage considerably in excess of the rated 



Fia. 152, Aluminium Cell Type Kxcbss-voltage Arrester 
FOR Direct Current 
{A.B.O.) 

voltage is applied, the film is punctured and the charge is con- 
ducted to earth through practically no resistance. The action 
is instantaneous, and equally satisfactory under static charges 
or travelling surges. The film is automatically re-formed with- 
out delay, so that this type of arrester is most suitable for use 
on d.c. systems of any voltage. Fig. 152 shows an example of a 
750 V arrester which is in extensive use both in stationary plant 
and on rolling stock. The attendance is limited to a yearly 
renewal of the liquid. 


CHAPTER XI 

THE CO-ORDINATION OP PROTECTIVE GEAR 

General Considerations. Where means of preventing a certain 
class of fault are available, they should be adopted in preference 
to means of protection. When making a selection between 
various alternative protective schemes, it must be remembered 
that the one without, or with the least number of moving 
parts, is the most reliable. Direct-acting protective devices 
(see Table III) are, as a rule, the simplest and, therefore, most 
trustworthy ones, and wherever adequate protection can be 
achieved by their installation there is no object in resorting to 
more elaborate schemes. 

Thus, it is sound practice to install Petersen coils for protec- 
tion against earth faults, and excess voltage arresters against 
damage through excess voltage ; to apply h.t. fuses instead 
of automatic circuit-breakers on spur lines in rural districts; 
and to rely on the Buchholz relay as the main element 
for transformer protection. Only generating stations and 
extensive networks need protection by more elaborate methods. 

Earthing of the Neutral. The layout of a protective system, 
in fact the whole trend in planning, is essentially influenced by 
the fundamental decision as to whether the neutni-l of a sys- 
tem is to be solidly earthed or insulated. This question has 
been dealt with in Chapter VI, but in view of its supreme 
importance it will be touched upon once more, from a broader 
point of view. 

It is possible, nowadays, to achieve perfect safety of plant 
with either the earthed or insulated neutral. It must be remem- 
bered that this was not the case at one time, over ten years ago, 
when extensive networks were already in existence in many 
parts of the world; the widespread prejudice which can still 
be found against the insulated neutral dates from the time 
before Professor Petersen invented the earth -suppression coil. 

The fear of insulating the neutral was then fully justified, 
and may have been responsible for the development of such an 
ingenious design as the non -resonating transformer. The 
freedom of an “earthed’’ system from increased voltage in 
the event of an earth fault is dearly paid for, since the heavy 
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fault current represents a single-phase short-circuit, and thus 
means an interruption of service every time. This is very 
serious in view of the fact that the great majority (in medium 
voltage systems as many as 90 per cent) of all faults are, or 
start as, earth faults. The fact that earth faults are usually 
disconnected instantaneously in systems with solidly earthed 
neutral, adds to the inconvenience, and introduces much 
unnecessary confusion into such networks. 

Since, in the Petersen coil, a means is now available for 
suppressing the fault current, the number of interruptions 
directly due to single-phase earth faults can be greatly reduced. 
With such a coil in circuit, the majority of these faults are of 
such short duration that the rise of potential on the two healthy 
phases is hardly noticeable. Should even a small number of 
earth faults develop into double earth faults thereby causing 
interruption, the total number of interruptions will still be much 
lower than would be the case if no Petersen coil was installed. 
Only the rare instances of solid earth contact, e.g. by a broken 
conductor, will cause a persistent rise of voltage to earth by 
73 per cent. This is still well under the flash -over voltage, and 
experience shows that the development of a second earth 
fault is extremely rare even in foggy weather, or where the 
insulation is weakened through deposits on insulators of salt 
or dust. The claim that the Petersen coil actually reduces the 
number of line interruptions to less than one eighth, is supported 
by the experience of many years in over a thousand networks. 

It is a coincidence that almost the same percentage of in- 
terruptions can be rendered harmless with the aid of the very 
latest improvement* on systems Avith solidly earthed neutral. 
But, as compared with the simple and technically perfect 
solution due to Professor W. Petersen, what a multitude of 
elaborate apparatus had to be called into play in order to 
achieve, laboriously and at high cost, the effacement of inter- 
ruptions instead of their actual elimination ! 

Incidentally, the Petersen coil has also another beneficial 
effect, i.e. that of reducing interference to telephone hues. 

* See p. 16. It is, of course, not implied that the applications of automatic 
reclosers were limited to systems with earthed neutral. Since, however, they 
constitute the only means of reducing the number of line interruptions in 
such a system, it is obvious that their importance is greatest for lines with 
earthed neutral. Where a Petersen coil is installed, reclosers are useful to 
reduce the duration of those few interruptions which are not eliminated by 
the action of the coil. 



185 


Chap. XI] CO-ORDINATION OF GEAR 

In face of such convincing evidence there can be no doubt 
that, under present conditions, the small saving due to cheaper 
transformers with graded insulation, cannot justify the ad- 
mission of eight times as many interruptions of power supply. 
It is therefore likely that solid earthing will not be employed 
for new transmission systems. A growing number of networks 
in this country and elsewhere are being converted from solid 
to Petersen coil earthing. This fact appears to confirm the 
author’s view that the old controversial question as to the 
best method of earthing the neutral has been decided in 
favour of the insulated neutral in connection with the Petersen 
coil. 

If, once and for all this view is accepted, the task of selecting 
suitable protective gear is made considerably easier. There 
is no longer any need to dilTerentiate between faults requiring 
immediate isolation and those which require delayed action. 
The distance of a fault from the protected point becomes the 
only determining factor for the protection of distribution net- 
works against those few faults which arc not dealt with by the 
Petersen coils. Hence, the distance relay is now ])redominant in 
all extensive installations ; this system fulfils all requirements, 
in particular if high speed relays of proper design are used. 
Only where, on the score of expense, distance relays cannot 
be installed, may excess current relays or fuses be used. If a 
feeder i)rotected by excess current relays is connected to a net- 
\N ork equipped with distance relays, it is, of course, necessary 
for the excess current relays to have such characteristics as will 
ensure co-operation with the distance relays installed in tlie 
main network. The modern tendency is to use multiple definite 
time lags for both types of relays. With the addition of excess 
voltage arresters installed in convenient positions, an almost 
absolute reliability is achieved. 

Overall Reliability. Various ways have been indicated in the 
appropriate chapters for the protection of machinery, appar- 
atus, and transmission lines. It has been shown that, under 
modern operating conditions, the continuity of supply is a 
requirement at least as important as the safeguarding of the 
plant itself. 

When deciding upon means of protection, sight is often lost 
of the basic aim of all protective gear. This aim, primarily, 
is not the maintenance of supply through every link of the 
supply system itself, but the continuity of supply to consumers 
13— (T.24) 
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whose equipment or installation is not itself faulty. Hence, 
every protective scheme must also be closely examined from 
the viewpoint of overall (as distinct from individual) operating 
reliability. 

Of two or more systems which satisfy equally the two 
requirements of reliability and stability, the one which offers 
the greater simplicity and uniformity of equipment, and is, 
accordingly, easier to operate, test and maintain, will be 
preferable. Economic considerations should not be allowed 
to influence a comparison, so long as the cost of protective 
gear remains within a reasonable proportion of the value of 
protected plant. 

At first glance it would appear that greatest overall reliability 
is obtained by making each individual section of a plant as 
proof from damage as is technically possible, within the limits 
drawn by economic considerations. 

By trying to eUminate any and every sort of accident and to 
build all parts of a scheme with a uniform high factor of 
safety, the position and nature of a disturbance are entirely 
left to chance. Hence, it is almost impossible to provide 
means of protection in all parts of an installation, which may be 
considered perfect from an up-to-date point of view, without 
increasing the cost beyond a reasonable figure. Also, from the 
operating viewpoint it is as undesirable to have too much 
protective equipment as it is to have too little. An attempt 
should be made to keep down the quantity of protective 
apparatus and also to standardize types. Further, it is essential 
to give preference to devices eliminating or suppressing the 
source of trouble over those merely averting or reducing 
consequential damage. 

x\n example may illustrate the essential difference between 
the modern requirement of uninterrupted current supply to 
the consumer, against protection as an end in itself. In Fig. 
153(a) a power station is shown feeding a number of trans- 
forming stations by means of h.t. lines. From each transformer 
station, several l.t. lines are distributing the energy in the 
respective district of a densely populated area. Each district 
depends entirely upon one h.t. feeder. Each individual trans- 
former station may be of moderate size, so that it is beyond 
economic possibility to provide sufficient means to make sure 
of uninterrupted supply to each consumer, e.g. by dual trans- 
mission lines, as indicated in Fig. 153(6). It is obvious that a 
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scheme as in Fig. 1 53(6) would result in increased reliability over 
a simple arrangement as per Fig. 153(a), but in the event of a 
heavy l.t. fault, it might be expected that both transformers 
feeding into one district would be thrown out of action, so that 


o 9 o 
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\ / 



(b> 



Fig. 153 . Schematic Diagrams of Alternative Lay-outs for 
Power Distribution 


little would have been gained. On the other hand the cost 
of the whole distributing plant would be doubled. Assuming 
this to be prohibitive, let us consider alternative possibilities 
of improved safety. 

In Fig. 153(c) a ring main system is introduced for the h.t. 
network. Though the total length of lines is less than twice 
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that of Fig. 153(a), every transformer is connected to two 
alternative paths of h.t. supply. Here again, however, a heavy 
l.t. fault may easily result in the transformer station affected 
being isolated from the power station. Failing alternative 
means, the whole district would thereby be robbed of its 
supply. Taking into account the increased number of circuit- 
breakers and the more elaborate means required for adequate 
protection of a ring main system, the cost of h.t. distributing 
plant would easily be three times that of Fig. 153(a). 

Turning now to the l.t. network, a fault near a transformer 
station is liable to cause the ciitting-oif of the supply to all 
consumers connected to the same feeder. The provision of 
dual l.t. lines as in Fig. 153(5) eliminates this risk. The tho- 
rough interconnection into l.t. grids (Fig. 153(d) ) covering 
reasonably wide areas, suggests itself as a further promising 
measure of improvement. In such a solidly interlinked network 
several alternative patlis are always available for each con- 
sumer, even in the event of one or several transformer stations 
being cut out. All ensuing technical problems having been 
solved (see Chapter VIII), it follows that the interconnection 
on the l.t. side, a measure that can be realized with compara- 
tively small outlay of capital, is, under given conditions, a 
far more effective means towards making tlie current supply 
more reliable, than even the most elaborate and costly modi- 
fication of the h.t. system. Ordinary single feeders, without 
automatic switchgear in the transformer stations and with 
simple protective relays or fuses, will fully meet the demand 
on the h.t. side. This part of the scheme may intentionally 
be made the ‘Sveak spot” in favour of increased precautions 
against possible breakdowns in the power station and the 
l.t. network. This, of course, does not imply that a system of 
the kind referred to above is generally applicable. It is, in fact 
only suitable for densely populated urban areas. In rural 
districts conditions are reversed ; there a highly reliable inter- 
connected high tension network with open low tension feeders 
(Fig. 158 (c) ) is to be advocated. The principle, however, is 
identical: to use intelligent discrimination in planning the 
protective gear. The reliability (and, incidentally, the economy) 
of the combined plant is thereby greatly improved even as 
compared with a system having the highest possible uniform 
factor of safety throughout all its sections. 

In applying similar considerations to the various components 
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of electric plant and to the conditions influencing their layout, 
many valuable conclusions have been reached, some of which 
have been referred to in preceding Chapters. 

Future Extensions. When planning protective gear, due 
consideration should be given to future extension. A feeder 
is always a prospective link in a future ring mains system, 
and by protecting it from the outset with gear applicable 
for dual feeding, costly future alterations may be avoided. 
The rupturing capacity of circuit-breakers should be such as to 
permit reasonable extensions to the plant. Petersen coils are 
also usually rated 25 or 30 per cent greater than would be 
re(piired at the time of their installation. 

Conclusions. Most transmission lines above 50 kV serve 
as bus-bars interlinking power stations. Faults on these lines 
are comparatively rare. Here, tlie maintenance ol‘ stability is 
the foremost object of protection. 

As regards short-circuit protection of large transmission 
systems, the last word has certainly still to be spoken. None 
of the available methods is free from disadvantages. Differ- 
ential ])rotection does not safeguard the bus-bars and requires 
pilot wires and additional back-up relays. The directional 
balance system, otherwise perfect, still requires pilot wires, 
although the latter may be avoided if high frequency carrier- 
current transmission is used. This suggests itself where the 
same means is employed for the purpose of remote control. On 
the other hand high-speed distance protection whi(‘h does not 
require pilots and extends protection to the bus-bars and to 
neighbouring sections without additional gear, cannot be made 
to operate instantaneously under all circumstances. 

An important point in favour of distance relays is the fact 
that identical relays may be used for the protection of alterna- 
tors, transformers and feeders, so that supervision and main- 
tenance are substantially simplified. For plant of medium size, 
and in particular for h.t. distribution networks, all advantages 
appear to be on the side of distance protection. For medium 
voltage lines, apart from those coupling two power stations, 
stability problems are as a rule of minor imy)ortance. 

By adopting the principle of solid interlinking over wide 
areas for the purpose of l.t. distribution, the uninterrupted 
supply of energy to consumers is achieved to perfection, 
even in the event of several h.t. feeders being thrown out of 
action. As has been shown in Chapter VIII, this system also 
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renders the installation of automatic h.t. switchgear in distribu- 
tion sub -stations unnecessary; hence, there is no longer a 
reason against the direct connection of such stations to 33 kV, 
and a further intermediate voltage of 6 or 11 kV can be elimi- 
nated, where an interconnected l.t. network is applicable. 

In a suitably protected system, continuity of supply to the 
consumer is assured except in two contingencies ; the first is 
a fault at or near a consumer’s own premises. For all practical 
purposes it is immaterial to the user, and in particular to the 
domestic current consumer, whether a failure is due to a 
breakdown in the power station, or to the blowing of a sub- 
circuit fuse. The user’s main concern is that the current shall 
not fail at all, or if it does, that it shall be restored without 
delay. Therefore, the policy adopted by a number of supply 
undertakings of advocating, in some cases making compul- 
sory, the use of circuit -breakers instead of fuses seems wise, 
and has met with great success. 

Communication Equipment. The second cause of an inter- 
ruption is the simultaneous breakdown of several power 
stations feeding into the same system. Such an occurrence may 
result either from a failure of protective gear, or from a com- 
bination of other exceptional and unforeseen circumstances. 
In this case, the maintenance of continuity rests on the last 
line of defence : the human element. To this element little is 
left in the normal operation of modern plant, except to decide 
which of the component parts are to be on, and which off 
duty, and to keep them all in perfect condition ; also certain 
actions which are beyond the scope of the protective gear. 
These are, in the first line, the regrouping of generating power 
and distributing channels to cope with load conditions, in the 
event of, or shortly after a breakdown. In large plant this 
task falls to the ‘Toad despatcher.” 

Though they cannot be included under the term “protective 
gear’’ and therefore fall outside the scope of this survey, 
the available means for communication between the central 
control room and the individual generating and transforming 
stations are here mentioned, on account of the great bearing 
they have on the reliability of every large power supply system 
in case of special emergency. If a central control room is 
connected with all important stations not only by telephone 
and remote position indicators, but also by remote control gear, 
interruptions of current supply may be, if not entirely avoided, 
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at least limited in extent and duration. Of course, most care- 
ful and experienced planning is required for remote control 
gear. If a remote load despatclier were allowed to interfere 
with switching operations in a power station, without being kept 
sufficiently up to date with local events, even more harm might 
be done than if the station were left alone. Remote control 
must, therefore, be limited to certain important circuit-breakers, 
regulators, etc., and must be combined with such remote 
indicating instruments as will enable the operator to decide 
correctly and swiftly on the operations required in case of an 
emergency. 

The CO ordination of the human element with automatic 
protective gear is one, and not the least important, of the 
problems which must be studied from all aspects when the 
protective arrangements are being planned. To relieve operating 
engineers of as much of their task as can conveniently be taken 
over by self -operating auxiliary devices such as automatic 
synchronizing gear, frequency regulators and automatic 
disturbance recorders, is certainly taking a step in the right 
direction ; but the engineer on duty at the main control room 
should have adequate facilities at his disposal for obtaining, 
reliably and quickly, information of all important events, and 
for rendering assistance in cases of exceptional emergency. 




BIBLIOGRAPHY 


General 

(1) L. C. Benton and C. Ryder. “Field Forcing of Alternators as a 

means of increasing System Stability.” The Metropolitan 
Vickers Gazette, Vol. XV, 1934, p. 65. 

(2) J. Biermanns. Uherslromc in ITochspaunmigsanlagen. Berlin, 1926. 

(Springer.) 

(3) H. W. Clothier. “Meta.l-clad Switchgear, Autmnatic Protection 

and Remote Control.” I.E.E. Journal, Vol. BXXI, 1932, p. 285. 

(4) J. Henderson. Automatic Protective Gear for A.C. Supply Systems. 

London, 1934. (Pitman.) 

(5) T. W. Hoss and H. G. Bell. “The Protection of Three-phase 

Transmission Lines and Feeders.” I.E.E. Journal, Vol. LXVIII, 
1930, p. 801. 

(6) R. Ru(‘denb(‘rg. Eelais ny\d Schnlzschaltungcn in elektrischen Kraft- 

yverken und Netzen. Berlin, 1929. (Spring(‘r.) 

(7) R. Wiederoe. “ Tliyratron Tubes in Relay Practice.” Electrical 

Eyigincering, 1934, p. 1347. 

(8) lielaishuch. Ih'rlin, 1930. (Vereinigung der Flektrizitatswerke). 


H.T. Ctrcuit-rreakers 

(9) F. Kesselring. Elements of Switchgear Design. T^ondon, 1932. 
(Pitman.) 

(10) O. Mavr, “ HochL:stnngsschalter ohne Gel.” E.T.Z., 1932, pp. 

75, 121 ; E.T.Z., 1934, pp. 757, 791, 837. 

(11) II. Probst and R. Willheim, “ ITochleistungsschalter mit und ohne 

Oel.” Report No. 33 to International High Tension Conference, 
Paris, 1933. 

(Iz) P. F. Stritzl, “Oilless Circuit-breakers.” The Power Engineer, 
1934, p. 9. 

(13) II. Trencham. “Alternating Current Circuit-breakers.” Engi- 

neering, Vol, CXXXIII, 1932, pp. 224, 289. 

(14) W. Ueberrnuth. “ Hochspannungs-Druckgasschalter.” Z.d.V .D.I., 

1934, p. 87. 


Measuring Transformers 

(16) F. Dunner, “Messwandler.” Bull.d. S.E.V., 1933, p. 100 (I. Gold- 
stein) . 

(16) H. Neugebauer, “ Strom wandler fuer Schutzsysteme.” Siemens- 

Zeitschrifl, 1931, p. 147. 

(17) M. Walter, 'CUeber die Eigenschaften der Strom wandler fuer 

Schutzre^is.’^ E.T.Z., 1934, p. 483 

(18) M. Walter, “ Trockenisolierte Stromwandler der A.E.G. und ihre 

Kurzschlussfestigkeit. A.E.G.-Mitteilungen, 1934, p. 386. 

193 



194 


PROTECTION OF ELECTRIC PLANT 


Earthing Resistances 

(19) W. Buetow, “ Niillpimkterdung elektrischer Generatoren.” A,E.G,^ 

MHteilungen, 1930, p. 33. 

(20) H. Piloty, “ Nullpurikterdung elektrischer Generatoren.” 

MUteilmujerii 1929, p. 426. 


Petii:rsen Coils 

(21) J. Biermanns. “Can Petersen Arcing Ground Suppressors Cause 

Deleterious O ver- voltages ? ” A.E.G. Progress, 1930, p. 101. 

(22) E. Gross and W. Diesendorf, “ Entkopplungseinrichtungen fiir 

parallel gefiihrte Hochspannungsleitungen. Report No. 341,. 
C.I.G,R.E.. 1935. 

(23) E. Ilueter and W. Schaefer. “Die* Messung der Erdschluss- 

kompensation.” E.T.Z., 1931, p. 1023. 

(24) II. Piloty, “Neutral Point Power, Wattless Power and Peterseni 

Earth-coils.” A.E.G. Progress, 1927, p. 4. 

(25) E. Ruehle, “Petersen Arcing Ground Suppressors in a large 

30 kV. Cable Network.” A.E.G. Progress, 1929, p. 262. 

(20) E. Schulze, “ Erdschlussproblemo bei grossen Kabelnctzen.”J5’/e/[:> 
iriziidtswirfschaft, 1933, pp. 277, 298. (Abbreviated Translation 
in A.E.G. Progress, 1935, p. 11.) 

(27) R. Troeger. “Arcing Ground Suppression as Basis for Safe Opera- 
tion of Super Power Systems.” A.E.G. Progress, 1928, p. 371. 


Excess Current Relays 

(28) M. Walter, “Neue Verfahren beim Ueberstrom-Zeitschutz.” 
E.T.Z., 1934, p. 206. 


Differential Protection 

(29) F. Geise, “Der stabilisierte DifferentiaLschntz.” Siemens^ZeiG 

schrift, 1932, p. 413. 

(30) G. Stark, “Neues DifFerentialrelais.” A.E.G. Mitteilungen, 1931, 

p. 148; E. tSc M., 1931, p. 177. 


Directional Balance Protection 

(31) O. A. Browne and W. L. Vest, Jr., “A Carrier Current Relay 

Installation.” Electrical Engineermg, 1935, p. 109. 

(32) E. Gross, “ t)ber Schnellselektivschutz in Hochspannungsnetzen.” 

E. M., 1933, pp. 201, 294. 

(33) J. H. Neher, “Relay Systems Utilizing Communication Facilities.” 

Electrical Engineermg, 1933, p. 162. 

(34) H. Neugebauer, “Was ist Streckcnschutz? ” Siemens-Zeitschrift, 

1933, p. 94. 

(35) H. Neugebauer, “ Streckenschutz mit Hochfrequenzverbindung.” 

Siemens' Zeitschr if t, 1934, p. 83. 

36) G. Stark, “ Hochempfindliches und schnellarbeitendes Energie- 
richtungsrelais.” A.E.G. -Mitteilungen, 1933, p. 220. 



BIBLIOGRAPHY 


195 


Distance Protection 

(37) E. H. Bancker and E. M. Hunter, “Distance Relay Action During 

Oscillations.” Electrical Engineeringy 1934, p. 1073. 

(38) J. Fallou, “Sur I’emploi des relais d’impddance jiour la protection 

des lignes a^riennes contre les mises k la terre.” Bull, de la 
Soc, Fran^aise des Electridens, 1930, p. 82. 

(39) F. Froehlich and G. Stark, “ A.E.G.-Schnelldistanzschutz.” 

A,E.G,-Mitteilungeny 1934, p. 27. 

(40) E. Gross, “ Die neuore Entwicklung der Distanzschutzschaltungen.” 

E. cfe M.y 1934, p. 597. 

(41) W. A. Lewis and L. S. Tippet, “Fundamental Basis for Distance 

Relaying on Three-phase Systems.” Electrical Engineeringy 
1931, p. 420. 

(42) R. Schimpf, “Verhalten des Solektivschutzes beim Aussertritt- 

fallen von Kraftwerken.” E.T.Z.y 1933, p. 1134. 

(43) V. Szieghart, “Der Doppelerdschluss in Hochspannungs-Kabel- 

netzen und seine Beseitigung durch Distanzrelais.” E.T.Z.y 
1934, p 928. 

(44) M. Walter, “Ueber die Richtungsglieder der Distanzrelais.” 

E.T.Z.y 1932, p. 476. 

(45) M, Walter, Der Selektwschutz 7\ach dem W ider stand spr inzip, 

Munich, 1933. (Oldenbourg.) 

(46) A. R. van C. Warrington, “A High Speed Reactance Relay.” 

Electrical Engineermg, 1933, p. 248. 

(47) A. R. van 0. Warrington, “Control of Distance Relay Potential 

Connections.” Electrical Engineeringy 1934, p. 206. 

Excess Voltage Protection 

(48) V. Aigner, “ Das Verhalten gestreckter Erder bei Stossbeanspruch- 

ung.” E.T.Z.y 1933, p. 1233. 

(49) A. H. V. Altmann, “Over-voltage Problems.” The EngineeVy 

Vol. CLI, 1931, p. 634. 

(50) G. Benischke and E. Flegler, “ Ferranti- Ueberspannungsschutz.” 

E.T.Z.y 1931, p. 461. 

(51) K. Berger, “Ueberspannungen in elektrischen Anlagen.” Bulletin 

d. schweiz. elektroiechn. Ver.y 1930, p. 77. 

(52) L, V. Bewley, “Lightning Protection.” The ElectriciaUy Vol. 

CXIII, 1934, p. 297. 

(53) J. Biermanns, “Blitzschutz von Freileitungen.” Forschung und 

Techniky Berlin, 1930, p. 234. 

(54) E. Flegler, “Der Schutz clektrischer Anlagen gegen Ueberspan- 

nungen.” E.T.Z.y 1930, pp. 73, 170. 

(55) E. Flegler, Comprehensive publications in Archiv fuer Elektro- 

techniky Vols. 18 ff., and in Arbeiten aus dem Elekiro- 
technischen Institut der Technischen HochschulCy Aachen, Vols. 
1 fit. 

(66) E. Flegler, “Der Blitzschlag in Hochspannungsanlagen und seine 

Folgen.” E.T.Z.y 1931, p. 129. 

(67) G. Fruehauf, “ Schutz wertbestimmung von Ueberspannungs- 

ableitern.” A.E.G.-Mitieilungen, 1932, p. 332. 



196 PROTECTION OF ELECTRIC PLANT 

(68) J. M. Goodall, “Insulation Levels.” Electrical Review, Vol. CXIV, 

1934, p. 668. 

(69) H. Gnienewald, “Die Messung von Blitzstromstaerken an Blitz- 

ableitern und Freileitungsmasten.” E.T,Z,, 1934, pp. 606, 536. 

(60) W. Krug, “ Verschleifung von Wanderwellen diirch Kettenleiter.” 

E.T.Z., 1932, p. 627; 1933, p. 414. (E. Flegler.) 

(61) W. W. Lewis and C. M. Foust, “Lightning Investigation on Trans- 

mission Lines.” Electrical Engineering, 1934, p. 1180. 

(62) R. Lundholm, “ Kondensatoren als Schutz gegen atmosphaerische 

Ueherspannungen.” X. M, Ericsson-Rev., 1933, p. 31. 

(63) K. B. McEachron and H. G. Brinton, “Performance of Thyrite 

Arresters.” General Electric Review, 1930, p. 350. 

(64) K. B. McEachron, “Lightning Protection of Power Transformers 

Connected to Overhead Circuits.” Gen, Electric Review, 1934, 
p. 364. 

(65) A. Matthias, “Der gegen waertige Stand der Blitzschutzfrage.” 

E.T.Z., 1929, p. 1469. 

(66) A. Matthias, “ Gewitterfomchung und Blitzschutz.” Report read 

at the Second World Power Conference, Berlin, 1930. 

(67) 0. Mayr, “ Ueberspannungsableiter mit spannungsabhaengigem 

Widerstand.” A.E.G.-Mitteilungen, 1929, p. 110. 

(68) J. L. Miller, “The Influence of Certain Transmission-lines Associa- 

ted Apparatus on Travelling Waves.” I,E,E. Journal, June, 
1934, Vol. LXXV, p. 523. 

(69) D. Mueller-IIillebrand. “ Freileitungsnetze und Gewitterstoerun- 

gen nach ncueren auslaendischen Veroeffentlichungen.” E, T.Z. , 
1932, p. 1121.* 

(70) D. Mueller-Hillebrand, “Die neuzcitliche Entwicklung von Ueber- 

spannungs-Schutzgeraeten in Hoclispannungsanlagcm.” E,T.Z, 
1934, p. 733, 765, 782, 800 (G. Fruehauf.) 

(71) S. Murray Jones and R. A, Hudson, “Effect of Choke Coils.” 

Electrical World, 1929, p. 729. 

(72) P. Sporn and I. W. Gross, “Expulsion Protective Gaps on 132 kV 

Lines.” Electrical Engineering, 1935, p. 66. 

(73) F. Voerste, “Die Umgestaltung von Wanderwellen durch Korona- 

verluste.” E,T,Z„ 1933, p. 452. 

(74) R. Willheim, “Die Gewitterfestigkeit des Drehstromtransforma- 

tors.” Elektrotechnik und Maschinenbau, 1932, p. 16. 

(75) H. Zaduk, “Neuore Ergebnisse der Blitzstromstfi-rkenmessungen an 

Hochspannungsleitungen.” E.T.Z,, 1935, p. 475. 

Interconnected L.T. Networks 

(76) E. Krohne, “ Betriebs-und Versuchsergebnisse mit den neuen 

Niederspannungs-Maschennetzen der Berliner Staedtische Elek- 
trizitaetswerke A.G. (BEWAG).” F.T.Z. 1932, p. 645, 720, 
731. 

(77) G. Schleicher and C. Reinarz, “ Drehstrom-Niederspannungsnetze 

in Gebieten grosser Verbrauchsdichte.” A,E,G,-Mitteilungen, 
1931, p. 694. 

* This publication includes a comprehensive Bibliography ‘of American 
publications on the same subject. 



BIBLIOGRAPHY 


197 


High-speed H.C. Circuit-breakers 

(78) F. Metzger, “Neue stromrichtungsempfindliche Ausloseeinrichtung 

fur Schncllschalter.’* E.2\Z,, 1934, p. 1123. 

Automatic Reclosing op Circuit Breakers 

(79) B. Fleck and L. Steirifeld, “ Selbsttatigo Wiedereinschaltvorricht- 

ungen.” A.E.G.-Miiteilungen^ 1932, p. 359. 

(80) D, C. Prince and A. E. Anderson, “ Immediate Initial Reclose of 

Oil Circuit-breakers.” General Electric Review, 193.5, p. 258. 

(81) R. Treat, “Many Interruptions to Electric Power Supply are 

Avoidable.” General Electric Review, 1934, p. 102. 




INDEX 


Accumulators, 179 
Air-blast circuit-breaker, 23 
Aluminium cell arrester, 182 
Arc extinction, 20 
Auto -valve arrester, 61 

Bibliography, 193 
Buchholz relay, 51 
Burn-out system, 159 
Bus-bar protection, 56 

Carbon-tetrachloride fuse, 57 
Carrier current, 152 
Circuit-breakers, d.c., 176 
— h.t„ 18 

, l.t., 166 

, miniature, 170 

— - reclosiug of, 13 
, tripping of, 13 

Circulating current protection 

(generators), 41 

(parallel feeders), 94 

— (ring mains), 104 

Classification of protective systems, 12 
Communication equipment, 190 
Compensometor, 85 
Consumers’ installations, 166 
Converters, 178 

Co-ordination of protective gear, 183 
Core balancing systems, 12 
Current limiting reactors, 56 
transformers, 7 

Differential protection, 12 

— (generators), 41 

(transformers), 49 

(ring mains), 102 

reverse power protection 

(parallel feeders), 96 
Direct acting protective devices, 12 

current, 176 

— — circuit-breakers, 176 

— feeders, 179 

— — generators, 178 

Directional balance protection, 105 
protection, 15 

Distance protection (generators), 44 
(ring mains), 108 

— (transformers), 50 

relays, connections, 130 

— — , directional element, 119 


Distance relays, high-speed, 123 

— , interconnection of, 151 

— — — performance, 109 

, principle of design, 114 

— , stability, 112 

, starting element, 114 

— ^ time element, 120 

Double earth fault discrimination, 
148 


Earth fault indication, 155 
faults, 1 

- — — (consumers’ installations), 

173 

- (d.c.), 180 

— (generators), 46 

— (h.t. feeders), 86 

— - - — - (low- tension a.c.), 164 
■ — - — - (transformers), 54 
Earthing of the neutral, 68, 183 
Electronic valves, 175 
Elements of protective gear, 6 
Energy consumption of relays, 12 
Excess current (feeders), 91 

voltage (bus-bars and switch- 

gear), 60 

— (generators), 47 

(transformci's), 54 

— arresters (d.c.), 181 

(h.t.), 61 

(low- tens ion a.c.), 

164 

Expulsion protective gap, 90 

Extensions, future, 189 

External earth faults (generators), 46 

faults (transformers), 49 

.short-circuit (gonerator.s), 40 

Faults between turns generators), 
47 

on prime movers, 39 

Feeder protection (d.c.), 179 

(h.t.), 68 

Field forcing, 48 
Field-weakening device, 43 
Fire extinguisher, 43 
Fuses, high power l.t., 158 
— , h.t., 56 

, l.t., 169 

Future extensions, 189 


199 



200 


PROTECTION OF ELECTRIC PLANT 


“Gbarapid” circuit-breaker, 177 
Generator protection (a.c.), 39 
— (d.c.), 178 

Harmonics, 4 

Heinisch Riedl earth leakage trip, 174 
High-speed circuit-breakers, 177 

distance protection, 123 

High tension circuit-breakers, 18 
fuses, 56 

iMPUiiSE circuit-breaker, 35 
Instability (generators), 47 
Internal earth faults (generators), 46 
faults (transformers), 49 

- — • short-circuit (generators), 41 
Ironclad air-blast circuit -breaker, 21 

oil circuit-breaker, 20 

Lighting circuits, 169 
Lightning, 88 

arresters, d.c., 181 

, h.t., 61 

. — ^ low tension a.c., 164 

- — , direct strokes ()f, 67 

Low tension circuit-breakers, 166 
— ■ — — fuses, 169 
— -- - networks, 157 

McColl biased circulating current 
system (generators), 43 
Ijiased circulating current sys- 
tem (ring mains), 104 
Merz- Price, circulating current 
system, 41 

, opposed voltage system, 102 

Miniature circuit -breakers, 170 

Motor circuits, 167 

Multiple earth faults (generators), 47 

Neutral, earthing, 68, 183 
resistances, 46, 68 

Oil-blast circuit-breaker, 35 
Oilless circuit-breakers, 23 
Opposed voltage differential protec- 
tion, 102 

Overall reliability, 185 
Overload, 1 

, of generators, 39 

Overspeed, 39 

Over-voltage (see Excess Voltage) 

Parallel feeders, 94 
Petersen coil, 68, 183 
, application to under- 
ground cable systems, 84 


Petersen coil, tuning, 85 
Pfannkuch cable protection, 98 
Pilot wire, systems without, 107 

systems, 102 

Poehler charging switch, 180 
Potential transformers, 7 
Power oscillations, 5 

Reclosing of circuit-breakers, 13 
Rectifiers, 178 
Relays, 13 
Resistances, 6. 

, neutral, 46 

Reverse powder circuit-breaker, 160 
Ring main feeders (h.t.), 98 

S.A.W. arrester, 62 

resistance, 7 

Short-circuit current, 1, 168 
Short-circuiting relay, 10 
Sliort-circuits, J 

(bus-bars), r>9 

- — ' (generators), 40 

(transf(jrmers), 49 

Sources of disturbance, 1 
Split conductor system, 88 
Station switch, 164 
Stepped time excess current nday 
92 

Surge uV)sorbera, 65 

arresters, d.c., 181 

h.t., 61 

^ t(uision a.c 164 

currents, 3 

Switch fuse, 91 
Switchgear, protection of, 56 

Tees, 94 

Temperature control, 96 
Thyrite arrester, 63 

resistance, 7 

Transformer protection, 49 
“Translay” system, 103 
Tripping of circuit -breakers, 13 
Tuning of Petersen coils, 85 

Underground cable systems 

(Petersen coil), 84 

— (split conductor 

protection), 88, 98 
(temperature con- 
trol), 96 

Under-voltage (generators), 47 
Uranium dioxide resistance, 6 

Water circuit-breaker, 34 


MADE IN GREAT BRITAIN AT THE PITMAN PRESS, BATH 

C7— (T.a4) 




CENTRAL LIBRARY 


/BIRLA INSTITUTE OF TECHNOLOGY A SCIENCE 
PILANI (RajasUian) 

cum. -^-yun/ 

Aoo. No. mJ*! 

DATE OF RETURN 



